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ABSTRACT
A new model for  a c la ss  of heteronuclear  diatomic molecules i s  
presented.  This model read i ly  combines multichannel quantum defec t  
theory (MQDT) with a nonper turbat ive Fermi-type ana lys is .
Applications  to  a s e r ie s  of a lkal i-He dimers, such as CsHe, have 
shown th a t  t h i s  very simple model can give r e s u l t s  ( e .g .  Born- 
Oppenheimer po ten t ia l  curves) very close  to  those from more 
elaborated methods (e .g .  8,-dependent pseudopotential method). 
Applications to  he teronuclear  ra re  gas dimers,  such as ArXe, give the 
f i r s t  de ta i led  in t e rp r e t a t i o n  and c l a s s i f i c a t i o n  of some of the 
observed spec t ra ,  which are too complicated to be s tudied by 
conventional molecular methods.
Another MQDT app l ica t ion  is  a lso  presented .  The photo ioniza t ion  
of HD is s tudied with a method th a t  has been well developed fo r  H2 . 
The use of the same method as th a t  fo r  H2 r e s u l t s  in the conclusion 
t h a t  the g-u mixing e f f e c t  in HD i s  neg l ig ib le  in energy regions f a r  
from d i s so c ia t io n  th resho lds .  Some experimental observations  of HD 
photoionizat ion are accounted fo r  in g rea t  d e ta i l  by t h i s  t h e o re t ic a l  
study.
v ii  i
I. Introduction
The f lour i sh ing  of molecular spectroscopy owes much to  the rapid 
development of modern computational techniques and of experimental 
spectroscopy. For example, the popular i ty  of ab i n i t i o  molecular 
c a lc u la t io n s ,  with e i t h e r  S la te r - type  or Gaussian-type bas is  
func t ions ,  has been g rea t ly  increased and more computationally-  
in tensive  problems have become managable because of powerful 
computers. The f i r s t  adaptat ion of Seaton 's  atomic multichannel
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quantum defect  theory (MQDT) to a molecular problem, fo r  another  
example, was prompted by a highly resolved photoabsorption spectrum 
of diatomic molecular hydrogen. This adapta t ion ,  made by Fano by 
introducing a frame transformation method in 1970, has produced a 
r ich  and fa r- reach ing  impact on th eo re t ic a l  molecular spectroscopy 
and has been followed by many more app l ica t ions  of MQDT to molecular 
p r o b l e m s . ^  The present  d i s s e r ta t io n  r e s t s  heavily on molecular 
MQDT and may be considered a con tr ibu t ion  to the ap p l ica t ion  of the 
theory.
Despite the increasing computational power of large computers,  
ab i n i t i o  molecular ca lcu la t ions  are of ten  p ro h ib i t iv e ly  c o s t ly .  
Semiempirical methods, such as model p o ten t ia l  and pseudopotentia l 
methods, are there fo re  a l so  important means of solving molecular 
problems. Molecular quantum defect  theory co n t ra s t s  sharply with a l l  
conventional methods based on the Born-Oppenheimer approximation. In 
taking a unique view po in t ,  i t  has become the most powerful method 
fo r  analyzing complicated molecular spectra  involving in te ra c t in g  
Rydberg s e r i e s .
1
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The app l ica t ion  of molecular MQDT has been f r u i t f u l  and s t i l l  
possesses grea t  p o te n t i a l .  Refs .3,4 review successful molecular 
s tud ies  using MQDT. My th e s i s  research,  developed in close
c c 7
co l labo ra t ion  with C. H. Greene, * * can be divided in to  two 
separa te  areas:
(1) An analys is  of HD rov ibra t ional  photoionizat ion spec t ra
5
using an e s s e n t i a l l y  well-developed method fo r  H£ has been made.
This has permitted a d e ta i l ed  in te rp r e ta t io n  of high re so lu t io n
Q
spect ra  observed by Dehmer and Chupka.
(2) A new model for  a broad range of heteronuclear  diatomic
molecules has been proposed, leading to  a s e r ie s  of  app l ica t ions
fi 7which may be considered successful in various senses. * This model 
r ead i ly  combines MQDT with a nonperturbat ive Fermi-type ana lys is  and 
is  charac ter ized  by i t s  s im pl ic i ty  and p r a c t i c a b i l i t y .  Unlike the 
analys is  of HD photo ioniza t ion ,  which pursues high accuracy to 
account for  high re so lu t io n  measurements, t h i s  model aims a t  a 
semi q u an t i t a t iv e  in t e rp r e t a t i o n  of the e le c t ro n ic  spec t ra  of more 
complicated diatomics. At p resen t ,  many dimers of general i n t e r e s t  
are too complicated to be analyzed by standard th e o re t ic a l  methods 
economically. This model aims mainly at  t r e a t in g  some such systems.
Q
A study by de Prunele i s  c lo se s t  in s p i r i t  to  t h i s  model and can be 
compared with our method in many cases.  However, our model possesses  
an inherent  advantage in using quantum defect  theory ,  which permits 
d i s c r e t e  and continuum spectra  to  be t re a ted  in a un i f ied  way, 
whereas the formulation of de Prunele has thus f a r  been applied to 
bound Rydberg s t a t e s  only.
The major task  of t h i s  d i s s e r ta t io n  is  to present  t h i s  new model
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and i t s  app l ica t ions  to  many heteronuclear  diatomic molecules,  such 
as NaHe and ArXe.
Chapter II  reviews Seaton's  multichannel quantum defect  theory 
for  atoms, and Fano's extension of MQDT to molecular problems by a 
frame transformation method.
Chapter I I I  presents  the new model mentioned above. Section
I I 1 . 1 reviews a per tu rba t ive  Fermi model, from which our 
nonper turbat ive approach has o r ig ina ted .  Section I I I . 2 gives a 
general descr ip t ion  of the new approach and shows how i t  combines 
with MQDT. Section I I I . 3 provides d e t a i l s  of the formulat ion of the 
mode 1.
Chapter IV describes  the app l ica t ions  of the model to a l k a l i -  
ra re  gas dimers (e .g .  CsHe) and hydrogen-rare gas dimers (e .g .
HeH). A se r ie s  of Born-Oppenheimer po ten t ia l  curves ca lcu la ted  using 
the model are compared with those from Ref .10 and R e f .11.
Chapter V discusses  fu r th e r  app l ica t ions  of the model to  more
complicated systems. Born-Oppenheimer po ten t ia l  curves and f ixed-
nuclei o s c i l l a t o r  s trengths  for  several heteronuclear  ra re  gas dimers
1 ?(e .g .  ArXe) are presented and compared to  experiments.
Chapter VI serves as an in troduct ion  to the MQDT analys is  of HD 
photoionizat ion.  The de ta i led  descr ip t ion  of t h i s  work is  contained 
in a r e p r in t  a ttached to the d i s s e r t a t i o n  as Appendix A.
Chapter VII gives some concluding remarks on fu tu re  prospects  of 
extending the present  work.
Atomic un i t s  defined in Ref .13 will  be used throughout the 
d i s s e r t a t i o n ,  except when otherwise s ta ted .
I I . Multichannel Quantum Defect Theory for Diatomic Molecules: 
Frame Transformation Method
11.1.  Introduct ion
Seaton 's  multichannel quantum defect  theory1 takes advantage of 
two important f a c t s  regarding a multichannel atomic system cons is t ing  
of a Rydberg e lec t ron  and a pos i t ive  ion: (1) The exci ted  e lec t ron  
experiences a pure Coulomb po ten t ia l  when the e lec t ron  r a d ia l  
d is tance from the center  of the ion is  s u f f i c i e n t ly  large ( o r g ) ,  
allowing channel mixing e f f e c t s  of the short -range in t e r a c t io n s  to be 
represented  completely by a " react ion  matrix" K which is  f u l l y  
determined by boundary condit ions  at r=rg; (2) the K-matrix is  weakly 
energy dependent and continues across the ion iza t ion  threshold  
smoothly, because a fast-moving e lec t ron  near the boundary i s  not 
a f fec ted  much by a small change in the to ta l  energy. Therefore , in 
MQDT the wavefunction inside the "react ion zone" (r<rQ) is  not d e a l t  
with e x p l i c i t l y  and the d i s c r e te  and continuum s t a t e s  share a common 
un if ied  t reatment.  ( I f  a f i r s t - p r i n c i p l e s  ca lcu la t io n  of the 
reac t ion  matrix is attempted, however, t h i s  requires  some method 
which obtains  the wavefunction a t  r<rg).
Fano proceeded fu r th e r  to apply t h i s  formulation to molecular 
problems. His 1970 paper*- on the H2 ro ta t io n a l  ion iza t ion  spectrum 
introduced a powerful frame transformation method in to the MQDT 
analys is  and g rea t ly  increased i t s  a p p l i c a b i l i t y  to  d iverse  
problems. F ig . l  shows the Coulomb poten t ia l  energies  of an e lec t ron  
outs ide  a molecular ion core.  Each curve corresponds to a d i f f e r e n t  





Figure 1: Coulomb potential energies of an electron outside a molecular 
ion core (r>rQ) .  M *2 ,3  corresponding to three d ifferent 
vibrational sta tes  of the core. (From Ref.3 .)
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e lec t ron  k in e t ic  energies  are large due to the g rea t  Coulomb 
a t t r a c t i o n ,  and the d i f fe rence  in e lec t ron  k in e t ic  energy from one 
v ib ra t iona l  s t a t e  to another i s  n eg l ig ib le ;  whereas a t  large r ,  the 
s i t u a t io n  is  j u s t  the opposite and the v ibra t iona l  spacings are 
comparable to  the e lec t ron  energies .  Indeed t h i s  is  t ru e  fo r  any 
system in which the residual  ionic core has an in te rna l  f ine  
s t ru c tu re  (atomic Ar i s  one example). This suggests t h a t  in 
d i f f e r e n t  regions of r  the e lec t ron  - core coupling schemes must be 
d r a s t i c a l l y  d i f f e r e n t .  This important point i s  taken into 
cons idera t ion  by molecular MQDT alone, and i s  e i t h e r  ignored or  e l se  
t r e a te d  s t r i c t l y  numerically by a l l  "conventional" methods. Fano 
introduced the concept of "close-coupling eigenchannels" to  r e f l e c t  
the real s i t u a t io n  a t  small d is tances  r ,  in addit ion to  ion iza t ion  
channels cha rac te r iz ing  the la rg e - r  physics.  (Note: in t h i s  
d i s s e r t a t i o n ,  Rydberg-electron - r e s idua l -co re  fragmentation channels 
are ca l led  " ion iza t ion  channels" and thus d is t inguished  from 
"d is so c ia t io n  channels") .  By employing these two complementary se ts  
of channels ,  eigenchannels and ion iza t ion  channels,  simultaneously, 
and performing a frame transformation between the two 
r ep resen ta t io n s ,  Fano was able to  account for  the high r e so lu t io n  
ro ta t io n a l  photoabsorption spectrum of H2 .
Seaton 's  and Fano's ideas together  form the foundation upon 
which many molecular analyses have been based. An ou t l in e  of the 
molecular frame transformation method will  be given in the next 
sec t ion  following Ref .3, taking H2  as an example.
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I I . 2. Frame Transformation
Consider an N-channel system composed of one excited e lec t ron  
and a pos i t ive  core ( e i th e r  an atomic or molecular ion, having N 
d i sc re te  leve ls  in i t s  ground e lec t ron ic  s t a t e ) .  In multichannel 
quantum defect theory, the e l e c t r o n ' s  conf igurat ion  space is  divided 
into two regions according to  t h e i r  d i f f e r e n t  physical 
c h a r a c t e r i s t i c s :  (1) the reac t ion  zone, r<rg, where the in t e r a c t io n  
between the e lec t ron  and the res idual  core i s  extremely complex; and
(2) the remaining space, r>rg, where the e lec t ron  can be regarded as 
moving in a pure Coulomb f i e ld  of the charged core,  and hence the 
e lec t ron  rad ia l  wavefunction i s  simply a l in e a r  combination of 
regular  and i r r e g u la r  energy-normalized Coulomb wavefunctions 
C f ( r ) , g ( r ) ) (or any other  pa i r  of regular  and i r r e g u la r  Coulomb 
f u n c t i o n s ) . ^  For r>rg the i ' - t h  independent molecular wavefunction 
can be expressed in close-coupling form in terms of a symmetric 
" react ion  matrix" K,
’J'i-(E) = ^ r -1 J $i (o.) I f i ( r ) 6 . i , -  g . ( r ) K . i l } , r>rQ, ( I I . 1)
where ind ica tes  tha t  the wavefunction is  antisymmetric,  and w 
denotes a l l  the coordinates  of the system except fo r  the e l e c t ro n  
rad ia l  d is tance  r ,  including a l l  spin and angular coordina tes ;  the 
subscr ip t  "i" of f i and gi stands for  ( f c^. e . ) ,  the e lec t ron  o r b i t a l  
angular momentum and e lec t ron  energy in channel i .  The reac t ion  
matrix K defined in E q . ( I I . l )  represents  the net e f f e c t  of the s h o r t -  
range (r<rg) in te ra c t io n  on the wavefunctions a t  large r .  In o ther  
words, the process of channel mixing, e . g . ,  in which the Rydberg
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elec t ron  en te rs  the reac t ion  zone (r<rQ) in one ion iza t ion  channel i 
but emerges from the reac t ion  zone in a d i f f e r e n t  channel i 1 due to  
the complex short -range in te ra c t io n s ,  is  f u l l y  described by the K- 
matrix.  The reac t ion  matrix K i s  c h a r a c t e r i s t i c  of MQDT and deserves 
fu r th e r  d iscussion.
( i )  The K-matrix i s  weakly energy-dependent and extends across  the 
ion iza t ion  thresholds  "smoothly", because the e lec t ron  v e loc i ty  a t  
the boundary of the reac t ion  zone (where the K-matrix is  determined) 
is  large  and almost independent of i t s  t o t a l  energy. Moreover, a 
major d i f fe rence  between MQDT and usual s ca t te r in g  th eo r ie s  is  the 
f a c t  t h a t  the reac t ion  matrix K ^ ■ r e f l e c t s  not only channel 
rearrangement among open channels (e^>0) but also t h a t  among closed 
channels ( e^<0) .  That i s ,  i ( i ‘ ) includes both open and closed 
channels.  There is  thus no need to  t r e a t  the bound s t a t e s  and the 
continuum s ta t e s  separa te ly  and a unif ied  approach in terms of the 
smooth K-matrix appl ies  in a l l  energy regimes of a s ingly  exci ted  
atom or molecule,  u n t i l  a l a s t  s tep when the boundary condi t ions  a t  
r-*-* are imposed.
( i i )  If  the short  range Hamiltonian i s  diagonal in a standard 
rep re sen ta t io n ,  the K-matrix i s  also approximately diagonal in t h a t  
rep re sen ta t io n ,  because vanishing of the nondiagonal Hamiltonian 
matrix elements ind ica tes  tha t  there i s  no mixing a t  smal l - r  among 
the channels spec if ied  by the rep resen ta t ion .  These channels are 
ca l led  "close-coupling eigenchannels" ,  whose indices  are denoted by 
a . Accordingly the eigenchannel wavefunctions can be expressed in 
terms of the eigenvalues t a n ^  and eigenvectors  Uia of the K-matrix,
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for  t>tq:
"'a r_1 l  Ui a l f £ . (r)COS7'ya"9 ) l . ( r ) s i n i , y a 1, r>V  ( I I ‘ 2)
"1 T 1
The iiua are common phasesh i f t s  of the eigenchannel so lu t ion  in
each of the ion iza t ion  channels i ,  and the y are the so -ca l leda
"eigenquantum defec ts" .  The orthogonal matrix U.^ i s  composed of the 
eigenvectors  of the reac t ion  matr ix , and i n t e r r e l a t e s  the a and i 
r ep re se n ta t io n s .  In c o r re c t ly  incorporat ing the physics of both 
reg ions ,  MQDT d i f f e r s  from conventional molecular t reatments  which 
ty p ic a l ly  s t a r t  from e i t h e r  a body-frame approach (using 
the a rep resen ta t ion )  or a laboratory-frame approach (using the i 
r e p re s e n ta t i o n ) .
The l a rg e - r  and smal l - r  regions,  ca l led  "region B" and "region 
A" re sp ec t iv e ly ,  are d is t inguished from each other  by the d i f f e r e n t  
angular  momentum coupling schemes in the two regions .  In region A 
( including the reac t ion  zone, usually r<5 a . u . ) ,  Hund's case b15 
appl ies :  the e lec t ron  moves f a s t  enough to overlook the v ib ra t iona l  
and ro ta t io n a l  motion of the nuc le i ,  and i t s  angular momentum is  
coupled s trongly  to  the molecular ax is .  For t h i s  reason the 
in te rnuc lea r  d is tance  R and the pro jec t ion  a  of the angular momentum 
on the in te rnuc le a r  axis are approximately good quantum numbers of 
the system (as in the Born-Oppenheimer approximation).  As r  
inc reases ,  the e lec t ron  - core po ten t ia l  gradually  approaches a 
cen tra l  p o t e n t i a l ,  the Coulomb p o te n t i a l ,  and the v ib ra t ion  and 
ro ta t io n  of the residual core become appreciable  as the e lec t ron  
k in e t i c  energy decreases .  Therefore, in region B, Hund's case d
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holds approximately: the e l e c t r o n ' s  angular momentum i s  assumed to be
t o t a l l y  uncoupled from the in te rnuc lea r  ax is .  In the outer  region,
then ,  the v ibra t iona l  and ro ta t io n a l  quantum numbers of the core ,  v+
and N+, are regarded as good quantum numbers. This t r a n s i t i o n  from
Hund's case b to case d as the pr inc ipa l  quantum number n increases
(or in other  words, as r  increases)  is  usually  ca l led
15the «.-uncouplmg process .
Accordingly, the close-coupling eigenchannels a are i d e n t i f i e d  
with {R, a ], whereas the ion iza t ion  channels i are i d e n t i f i e d  with 
(v+, N+] . The r e a l i z a t i o n  th a t  the eigenchannels a of the K-matrix 
are iden t ica l  to the e igens ta te s  of the Hamiltonian in the Born- 
Oppenheimer approximation is  very b e n e f ic ia l .  A molecular MQDT 
treatment using the smooth, body-frame reac t ion  matrix K i s  based on 
the  same information as the conventional Born-Oppenheimer 
approximation (namely the ad iaba t ic  po ten t ia l  curves) ,  but i s  f a r  
more powerful in i t s  handling of t h i s  information. The reac t ion  
matrix K, or equivalent ly  the transformation matrix and the 
eigenquantum defects  y^ can be determined once the f ixed-nucle i  
c a lcu la t io n  is performed.
The frame transformation method of MQDT takes  in to  account 
simultaneously the two a l t e r n a t iv e  rep resen ta t ions  appropria te  in 
d i f f e r e n t  regions of r .  Quant i ta t ive  app l ica t ions  by Jungen and
i r  a
coworkers * have shown t h a t ,  despite  i t s  approximation in assuming 
two ideal Hund's cases fo r  regions A and B, MQDT i s  capable of 
in te rp re t in g  with high prec is ion  the complex H£ rov ib ra t iona l  
spectrum, including highly exci ted bound and autoionizing s t a t e s ,  fo r  
which the conventional Born-Oppenheimer approximation f a i l s .
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Consider an H2  molecule. Only odd o rb i t a l  angular momenta of a 
Rydberg e lec t ron  can be exci ted by an e l e c t r i c -d ip o le  t r a n s i t i o n  from 
the ground s t a t e .  To a good approximation only the p-wave i s  
r e lev an t .  The yaEpA(R) are determined by the following equat ion:
where unA( R) &re the ( s i n g l e t ,  ungerade) Born-Oppenheimer p o te n t i a l s
s t a t e ,  I s o , to which the molecular p o te n t i a l s  converge as n-*-°°. For 
highly excited  s t a t e s ,  the UnA(R) are s im i la r  to one another  in shape 
and the dependence of yA(R) on n is  n eg l ig ib le .  The frame 
transformation matrix elements U-^, being simply the p ro je c t ions  of 
the ionizat ion-channel  wavefunctions onto the eigenchannel 
wavefunctions, can be expressed as follows:
which can be obtained by numerically solving the Schroedinger
J is  the t o t a l  angular momentum of H2 ) ,  is  a purely geometrical 
q u an t i ty ,  and reduces to a Clebsch-Gordan c o e f f i c i e n t :
Un«(R) = UlSo(R) ‘  1/(2 l n-'JA(R) ) 2> • ( I I . 3)
( in  a . u . )  of ^(npA) and UjSq(R) i s  tha t  of the H2 + ground
+k.+ + ..+ v N , v N
( I I . 4)
The f a c to r  <v+|R>^  ^ is  the v ibra t iona l  wavefunction of the
molecular ion at  the energy E in the ground e le c t ro n ic  s t a t e ,
v N
equation fo r  the nuclear motion of the H2 + ion in the Born- 
Oppenheimer po ten t ia l  u j So(R). The second f a c to r ,  <N+ |a> ( !'1̂  (where
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N+ | A>(ilJ) = ( - l ) J+A' N [2/(1+6a0) ] 1/2<N+0|&-a, J a>. ( I I . 5)
In order  to avoid dealing with pa(R) and Ui a (R) of i n f i n i t e  
dimension (R i s  of course a continuous v a r i a b le ) ,  a reac t ion  matrix K 
should be formed f i r s t :
Ki i ' = K + +11 v N ,v N
=  ^ < N + | A > ^ J h j d R < v + | R > ^ N ^ a ( R ) < R | v + ' > ^ N ) ] < a | N + ‘ > ^ J ) .
( I I . 6)
A t runca t ion  to  N ion iza t ion  channels,  i . e . ,  in {v+ N+}, wil l  lead to
a K-matrix of f i n i t e  dimension, or equ iva len t ly ,  to  a managable
quantum defect  vector  p- and frame t ransformation matrix U.- of ̂ a la
f i n i t e  s ize  ( a = l ,2 , . . .N )  which diagonalize K, i . e .  K=U tanuy U^.
U t i l iz ing  these m- and U^-, several MQDT analyses have been made
to give exce l len t  descr ip t ions  of H2  photoabsorption spect ra  near the
rov ib ra t iona l  ion iza t ion  th resho lds .  The adaptat ion of such an
analys is  to  HD photoionization i s  given in Appendix A.
I t  is  worth s t re s s ing  th a t  in MQDT the boundary condit ions  
at r->̂  are not considered u n t i l  the very l a s t  s tep ,  unl ike in 
conventional s c a t te r in g  theory. Otherwise the r eac t ion  matrix could 
not extend across  an ion iza t ion  threshold smoothly, since i t s  
dimension would then increase  at each threshold .  A procedure fo r  
imposing the boundary condit ions is  sketched below.
Let N0 denote the number of open channels ( i = l , 2 , . . .N0) and Nc
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the number of closed channels (i=N0+ l , . . .N). The N independent 
so lu t ions  of E q . ( I I . l )  are not physica l ly  acceptable because in the 
closed channels,  f ^ ( r )  and g-j(r) are exponentia lly  divergent a t  large 
r .  Nq new independent so lu t ions  must be found by taking l in e a r  
combinations of the o r ig ina l  N so lu t ions  which remain f i n i t e  a t  
i n f i n i t y .  Stra ightforward algebra shows th a t  such a se t  of NQ 
physica l ly  acceptable independent so lu t ions  is  then charac te r ized  by 
an N0xN0 "open-channel r eac t ion  matrix" K(E) as in E q . ( I I . l )  
at  r-M» with the sum over i r e s t r i c t e d  to open channels only 
( i , i '< N  ) .  The "physical" open-channel reac t ion  matrix K(E) i s  
constructed  as follows:*
K(E) = K00- Koc[Kcc+tane(E)]~1Kco, ( I I . 7)
where K00, Koc, Kcc and Kco denote par ts  of the o r ig ina l  K-matrix 
such th a t
K =
l̂ oo |̂ 0C 
^CO ĵ CC
( I I . 8)
In E q . ( I I . 7 ) ,  e(E) i s  a diagonal NcxNc matr ix , whose elements are 
defined as
i j— n (v . - J i j ) ,  i NQ+1, . .  .N , ( I I *9)
where \k i s  the "e f fec t iv e  quantum number", th a t  i s ,
V  !-m/(2e . ) ] 1 /2 , i=NQ+ l , . . . , N . (11.10)
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with m being the reduced mass of the e lec t ron .
III .  Combining MQDT with a Fermi Model:
A New Model for Heteronuclear Diatomic Molecules
I I I . l .  Origin of the New Model
In 1934 F erm i^  proposed a simple model for  his  ana lys is  of an 
a lka l i -m e ta l  atom perturbed by neutral  p a r t i c l e s .  The main idea of 
Fermi’s is  the parameterizat ion of the pressure s h i f t s  of  atomic 
Rydberg levels  by a s ingle  parameter L, the s-wave f r e e - e l e c t r o n  - 
p e r tu rbe r  s c a t te r in g  length. F ig .2 def ines  the coordinates  of a 
system cons is t ing  of a Rydberg atom A (e .g .  Na) and a neutral  
per turbing p a r t i c l e  B (e .g .  Ar in i t s  ground s t a t e ) .  The po s i t io n  of 
the e lec t ron  r e l a t i v e  to the ion A+ is denoted r  and the neutra l  
p e r tu rbe r  B is  located a t  R=Rz on the quant iza t ion  ax is .  The energy 
leve ls  of a Rydberg atom A(nlm) in the presence of a pe r tu rbe r  are 
then expressed as
Here L i s  the l imit ing  value of -tanSg/k as k+0, where 6gis the s- 
wave s c a t te r in g  phasesh i f t  for  a f ree  e lec tron  of energy k / 2 ,  and 
En^  and ¥nJ>m(R) are The unperturbed energy and wave funct ion fo r  
the  Rydberg e lec t ron  moving in the f i e l d  of the ion core A+.
The above model i s  equivalent to  tha t  in which the e lec t ron  - 
pe r tu rbe r  in t e ra c t io n  is  represented by a zero-range p o ten t ia l  in 
terms of L, th a t  i s ,  -2nL6(r-R) . A f i r s t - o r d e r  per tu rba t ion  
t reatment of t h i s  zero-range po ten t ia l  then gives E q . ( I I I . l ) . Many 
e f f o r t s  based on Fermi's idea have been made since 1934. The most
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Figure 2 : Three-body model of a diatomic molecule A*8, with the 
coordinate system centered on the nucleus of atom A.
18immediate extension of the above model, proposed by Ivanov and 
Omont^, i s  the replacement of L by an energy-dependent " sca t te r in g  
length"
t a n 6 n(k)
L ( k ) = - ------ ^------  , ( I I I . 2)
k
where k depends on the in te rnuc lea r  d is tance R. This modificat ion 
improves the accuracy of the Fermi method considerably .  The modified 
model wi ll  a lso  be ca l led  "the Fermi model" in t h i s  d i s s e r t a t i o n .
The s im pl ic i ty  of the Fermi model co n t ra s t s  sharply with the 
best methods used cu r ren t ly .  However, in many cases the Fermi model 
appears too crude and f a i l s  to produce reasonable r e s u l t s .  In 
p a r t i c u l a r ,  avoided cross ings between d i f f e r e n t  molecular p o ten t ia l  
curves are not c o r re c t ly  descr ibed .  An important cause of the 
inaccuracy of the method i s  i t s  per tu rba t ive  nature .  A 
nonper turbat ive analys is  should give a subs tan t ia l  (even q u a l i t a t i v e )  
improvement over the Fermi model. Multichannel quantum defect  theory 
combines read i ly  with Fermi's basic idea (of using a zero-range e~-B 
in te ra c t io n  p o t e n t i a l ) ,  giving a simple, but nonperturbative model . 6
The in troduct ion  of a d e l t a  function to model the short- range 
e"-B in te ra c t io n  r e l a t e s  our method to Fermi's ana lys is  and thus 
gives our formulation much of the inherent s im p l ic i ty  of the Fermi 
model. This new model i s  expected to  be more accurate  than the Fermi 
model, while i t  i s  a lso  much simpler than the most accurate  
numerically in tensive  methods used today.
F in a l ly ,  t h i s  nonperturbat ive model can be read i ly  genera l ized 7  
to more complicated dimers (e .g .  ArXe), fo r  which few i f  any cur ren t  
th e o re t i c a l  t reatments  can be implemented.
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I I 1.2. Physical P ic ture  of the Model
In general a singly exci ted  diatomic molecule can be t r e a ted  
approximately as a three  body system, as indicated  by F ig .2. From 
th i s  we can make f u r th e r  approximations to t r e a t  s ingly  exci ted  
s t a t e s  of diatomic molecules as s impli f ied " three  body systems" such 
th a t  the in te ra c t io n  between each pa ir  i s  considered to  be 
independent of the presence of the th i rd  p a r t i c l e ,  t h a t  i s ,  t rue  
"three-body" in te ra c t io n s  are ac tua l ly  ignored. This s implif ied  
p ic tu re  holds i f  the in te rnuc lea r  distance R i s  large ( i . e .  i f  the 
A+-B in te ra c t io n  i s  weak) and i f  the e lec t ron  is  highly exc i ted .  
Within t h i s  approximation the three-body dynamical p ro p e r t i e s  are 
then represented in terms of two-body sca t te r in g  p ro p e r t i e s  which are 
of ten  known. The model to  be presented here i s  based on: (1) the 
above model of "three-body systems"; (2) molecular MQDT; and (3) the 
D irac-de l ta  funct ion model of  the e"-B in t e r a c t io n .  To be more 
s p e c i f i c ,  the model is character ized  by the following assumptions:
( i )  The motion of the Rydberg e lec t ron  is  perturbed by the neutral  
atom B in i t s  ground s t a t e  through a Dirac-de l ta  funct ion  p o te n t i a l :
Ve_B= V < r - R) * ( I I I *3)
Here the s trength  Vg i s  determined by requir ing  t h i s  po ten t ia l  
( 1 1 1 .3) to  generate fo r  a f r e e  e lec t ron  the experimentally-known s -  
wave e”-B sca t te r in g  phase s h i f t .  More d iscussion of t h i s  poin t w il l  
be given in Section IV.2. The zero-range p o ten t ia l  i s  c l e a r ly  
independent of the th i rd  p a r t i c l e  A+ .
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( i i )  The perturbing atom B does not have any other  e f f e c t  on the r e s t  
of the system, except fo r  adding the f ixed-nucle i  A+-B binding energy 
to the to t a l  e l e c t ro n ic  energy. In o ther  words, p o la r iz a t io n  e f f e c t s  
on the e-A+ and A+-B wavefunctions are both ignored. The in t e r a c t io n  
of e"-A+ i s  then the same as in an i so la ted  Rydberg atom A, and the 
A+-B in te ra c t io n  i s  simply the Born-Oppenheimer p o ten t ia l  of the 
molecular ion A+B (assumed here to be known).
According to  MQDT, the body-frame reac t ion  matrix K(R) of a 
dimer f u l l y  determines the channel-mixing e f f e c t s  and the molecular 
Rydberg spec t ra ,  d i s c r e te  or continuous. The use of a d e l t a  func t ion  
as the perturbing f i e ld  enables us to  solve the Schroedinger equat ion 
a n a ly t i c a l ly  in terms of standard Coulomb funct ions .  In the 
following sec t ion  the K-matrix fo r  t h i s  model wi l l  be derived by 
solving the Schroedinger equation.
111.3. Derivat ion of the Body-frame K-matrix
111.3 .A. Formulation for  a simple system
In th i s  sec t ion ,  a simple case of the model i s  considered 
f i r s t . 6  The formulation derived here will  be ca l led  "Formulation A" 
throughout the d i s s e r t a t i o n ,  and the more general formulat ion given 
in the next sect ion wil l  be cal led  "Formulation B".
Consider a dimer cons is t ing  of a single-channel Rydberg atom and 
a neutral  atom in i t s  ground s t a t e  (such as s ingly  exci ted  NaHe).
The molecule i s  of course a multichannel system, but i t  i s  a 
r e l a t i v e ly  simple multichannel system and the ion iza t ion  channels i 
are charac ter ized  by the e lec t ron  o rb i t a l  angular momentum «, only.
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The p ro jec t ion  x of a on the in te rnuc lea r  axis  i s  a constant  of the
motion in the body-frame. We solve the e le c t ro n ic  Schroedinger
equation by f i r s t  expressing a se t  of N independent so lu t ions  4^ ,  fo r
r>R in close-coupling form with the partia l-wave expansion t runcated
to some =N- 1  : max
v = I  V r > • <” '•«>
Here V (r)  are ordinary spherical  harmonics. The a ' - t h  independent
A/ A
so lu t ion  of ( I I I . 4) can a lso  be charac ter ized  in terms of  a r eac t ion  
matrix K(R) , as i s  usually  done in an MQDT treatment:
v = K » < r > <m - 5>
8,
Note th a t  the reac t ion  matrix K is  r e fe r red  to a n o t h e r  p a i r  of 
orthogonal Coulomb functions  {F ( r ) ,  G ( r ) ] ,  which are phase-sh i f ted
Al M
by the atomic quantum defec ts  r^:
F&(r ) =f f t ( r ) c ° s ( 1,T1g,)-g st,(r ) s i n ( 1tri8,) * ( I I  1 . 6)
G«,(r ) =f 8, ( r ) s i n ( irna,)+g8,(r ) c° s ( 7'T1a) * ( H I - 7)
This p a i r  of Coulomb functions  r e f l e c t s  the departure  of atom A from 
a hydrogen atom. Here, fo r  instance ,  ( r ) is  the atomic so lu t ion  
which would be regu lar  a t  r=0 i f  continued ins ide  the A+ core where 
( I I I . 6 ) is  inco r rec t .  In o ther  words, ( I I I . 6 ) rep resen ts  the r>rA 
form of the e lec t ron  wavefunction in atom A, and Ga(r)  i s  a second
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atomic so lu t ion  which lags F (r)  by 90° and is  i r r e g u la r  whenXi
continued back to  the o r ig in  r=0. The reason to s t a r t  with t h i s  
unusual reac t ion  matrix is  t h a t  i t  wi ll  show the physics of the 
channel mixing e f f e c t s  in a more t ransparent  way, as w il l  be c l e a r  
l a t e r .  To get the usual r eac t ion  matrix K r e l a t i v e  to one
needs to perform the following simple transformat ion:
K = [cos(tth) K + sin(Tin) ] [cos(nn) - sin(nn) K]“ *, ( I I I . 8 )
where n is  a diagonal matrix containing the n£.
The Schroedinger equation fo r  the coupled rad ia l  wavefunctions 
Ms u ' ( r )  can *3e exPressed in tegra l  form as
with
V,st„ ( r ( )= ( V R2 )Y*x(R)Ya .,x (R) 6 ( r  * —R), ( I I I . 1 0 )
and with the atomic (A) rad ia l  Green's function given by
V r . r ' )  = " y y y y - ( I I I . 11)
Solving the coupled equations ( I I I . 9) by simple a lgebraic  
manipulations leads to the important reac t ion  matrix K :
(TrV0 /R2 ) F* (R)Y*x(R)FJL, (R>Ya . x(R)
( I I I . 12)
l - ( i TV0 /R2 )Xii|Ya ,ix(R) | 2 F(Lll(R)GJlI1 (R)
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This expression is  indeed qu i te  simple and i s  t h a t  of a separable  
matr ix .  In other  words, E q . ( I I I . 12) can be rew r i t ten  in the 
following simple form:
Using advanced l in ea r  a lgebra ,  a s ig n i f i c a n t  conclusion
regarding the physics embodied in the  reac t ion  matrix K(R) can now be
drawn. Let na denote the number of nonzero atomic quantum d e fec t s .
Then «,n= n -1 is  the maximum value of the o r b i t a l  momentum fo r  which 0  a
the atomic quantum defec t  n0 i s  nonzero. The separable
matrix K(R) has only one nonzero eigenvalue,  which can be proven as
follows: If  t  i s  a nonzero eigenvalue of KEaTa(a* 0 ) ,  then
( I I I . 13)
where the lxN row vector a i s  defined as
( I I I . 14)
with
d=-(*v0 /R2 ) U - ( . v 0 / r 2 ) ( m . 1 5 )
aTa A = t  A , ( I I I . 16)
where A*0 is  the eigenvector  of K corresponding to t .  Multiplying by 
a leads to
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a aTa A = t  a A . ( I I I . 17)
This leads to  the following: i f  t*aaT, aA=0, and consequently 
t=0 [see E q . ( I I I . 16)]- Thus, t=aaT is  the only nonzero eigenvalue.  
Therefore the f in a l  reac t ion  matrix K£a ,(R) determined by Eq. ( 111. 8 ) 
has na+l=s,0+2 nonzero eigenvalues tan[nya (R)] . There i s  thus one
more Rydberg s e r i e s  in  t h e  dimer whose quantum d e f e c t  i s  nonzero  than
f o r  t h e  u n p e r tu r b e d  Rydberg  atom.  The r e su l t in g  Born-Oppenheimer
p o ten t ia l  curves form a Rydberg s e r ie s  a t  each R, converging to  the
A+-B ground s t a t e  p o ten t ia l  curve as n-«> as
2en (R)=-l /{2[n-pa (R)] } a .u .  Those molecular s t a t e s  of high s, having 
zero quantum defect  yQ l i e  a t  unperturbed hydrogenic energies  in t h i s  
model, and have no in te ra c t io n  whatsoever with the  s e t  
of «,q+2 po ten t ia l  curves whose are nonzero. The s ingle  po ten t ia l  
curve with ya (R) * 0  t h a t  converges a t  R+™ to  a hydrogenic level wil l  
be termed a "perturbed hydrogenic level" to  d i s t in g u ish  i t  from the 
unshif ted  hydrogenic p o ten t ia l  curves.
The preceding argument can be used mathematically to  reduce the 
NxN reac t ion  matrix K(R) to  an e f f e c t iv e  matrix Ke f f  of  dimension 
na+ l .  The e f f e c t iv e  matrix contains equivalent information to  t h a t  
in the f u l l  K-matrix, except t h a t  the unperturbed hydrogenic leve ls  
are not accounted fo r .  The formulation of the reduced "K-matrix" is  
given below:
Ke f f =[cos(Tin‘ )K'+sin(Tin') 1 [cos(itn' )-sin(Tm' )K' ]_1. ( I I I . 18)
Here n 1 is  an (na+ l )x (n fl+l) diagonal matrix,  whose diagonal elements
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are the nfl nonzero atomic quantum defects  and one zero; the matrix K1
of dimension na+l is  defined as follows:
K'n t =Ki  n i{ I  af 2 ) ‘ 1 / 2  I  V Kl"ll • <n I - 19>a* ’ a t ' ( ; n a ) * *”( ;% )  1 1  ‘ a
Kn n 5 I  \ Z • <m - 20>a ’ a «(>na ) 1
using D and a from E q s . ( I I I .1 5 )  and ( I I I . 14), r e sp ec t iv e ly .  Appendix
B gives  a der iva t ion  of the above formulae.
A l im i ta t io n  of the formulation given so f a r  in t h i s  chapter
should be s t r e s sed .  Some elements of the reac t ion  matrix K of
Eq. ( 111. 8 ) become imaginary i f  channels fo r  which «,>\>+l (v i s  the
" e f fe c t iv e  quantum number") are included. This is  due to  the energy-
normalized Coulomb funct ion f . ( r )  and g „ ( r ) ,  which become imaginary& &
for  s,>v+l. This l im i t a t io n  is  not fundamental fo r  the present  model 
and can be bypassed by using a d i f f e r e n t  reac t ion  matrix K° r e l a t i v e  
to  an a l t e r n a t iv e  pa i r  of  Coulomb funct ions ( f^ ,  g^) ,  the so -ca l led  
"renormalized Coulomb funct ions" ,  which are real  fo r  a rb i ta ry  a. In 
case a s a t i s f a c to ry  convergence is  not reached fo r  «'max=; v ,  the 
formulat ion in terms of (f^1, g^) should be used ins tead .  The 
d e r iva t ion  of  K® follows the same procedures described above.
Detai led discuss ions  of ( f^ ,  g^) can be found in R e f s .14 and 20.
I I I .3 .B .  Formulation fo r  a more general system
The following i s  a more general system to which the present  
model can apply: a multichannel Rydberg atom and a ground s t a t e  
per tu rbing atom. For such a system the ion iza t ion  channels i are no
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longer simply the e lec t ron  o rb i ta l  angular momentum a and can be 
expressed symbolically as i = {q.,a^ . Here denotes the complete
se t  of quantum numbers charac te r iz ing  channel i ,  apar t  from the the 
o rb i t a l  angular momentum a., and i t s  pro jec t ion  x. on the in te rn u c le a r  
ax is .
The reac t ion  matrix K i s  derived fo r  t h i s  more complicated 
system using a d i f f e r e n t  approach from th a t  of Formulation A, but i t  
should be understood t h a t  the two der iva t ions  agree fo r  the  a l k a l i -  
ra re-gas  dimers.
For an N-channel system with t o t a l  e lec t ro n ic  energy E and 
in te rnuc lea r  separat ion R, a se t  of N wavefunctions Qi o (r)  are1 P
defined such t h a t ,  fo r  r>r^ (r=r^ def ines  the surface of the reac t io n  
volume of atom A),
V$.(o))Q. (r)  ( e = l , . . . , N )  represent  a complete se t  of independentV I  i p
so lu t ions  to the Schroedinger equat ion.  Here ®.j(w) denotes the 
wavefunctions in channel i with respect  to a l l  coordinates  except fo r  
the e lec t ron  rad ia l  dis tance r .  The
Q-ja (r)  (a t  r>rA) s a t i s f y  the se t  of coupled d i f f e r e n t i a l  equat ions:
Q;e ( r)  ♦ UfE-E,) - - y  ♦ —  ] q 1 e (r)  = ^ . ( r )  Q , . e ( r )  ,
( 1 1 1 . 2 1 )
where Vi i , ( r )s<$i (u) |Ve_B(r)  | $ ., (ai)> i s  an in teg ra l  over a l l  degrees 
of freedom except fo r  the oute r  e l e c t r o n ' s  rad ius  r .  To be more 
s p e c i f i c ,  sub s t i tu t in g  the d e l ta - func t ion  approximation fo r  Ve_0 ( r ) ,  
one obtains  the following simple expression:
1 ( r )  = J du> 4*̂ (u))V0 6 (r-R)<i>i , ( 10)
In t h i s  extreme case t h a t  the matrix V is  in the form of a d e l t a  
func t ion ,  Eq . ( I I I .21 )  can be solved a n a ly t i c a l l y .  Note th a t  the 
matrix V represen ts  completely the in te ra c t io n  between the Rydberg 
e lec t ron  and the per tu rber  B and i s  diagonal in . This r e f l e c t s
the  f ac t  t h a t  when the e lec t ron  is  sca t te red  by the per tu rber  B, the
e lec t ron  may s c a t t e r  from one p a r t i a l  wave s,.. in to  another a . , ,  but 
the  sca t te r in g  does  n o t  change the s t a t e  of  the res idual  ion A+. 
Thus, as s ta ted  at the o u t s e t ,  the e~-B in te ra c t io n  is  assumed to  be 
independent of the s t a t e  of the atomic ion A+. The e lec t ron  can 
c o l l id e  with the ion A+ and change i t s  s t a t e ,  but t h i s  process i s  
described by unperturbed atomic MQDT parameters.  In E q . ( I I I .2 1 )  Ê  
is  the energy of the A+B core in channel i and depends on the 
in te rnuc lea r  d is tance R. The m u l t i p l i c i t y  of  Ê  u sua l ly  stems from 
the f ac t  t h a t  the Rydberg atom A is  i t s e l f  a multichannel system.
For example, in an a lk a l i  -  rare  gas dimer,
i = {«..,x^> and a l l  Ei are degenerate.  But for  a ra re  gas dimer, a t  
the comparatively large R-values t r e a ted  in t h i s  d i s s e r t a t i o n  the  Ê  
assume two values a t  each R, corresponding to  the two f in e - s t r u c t u r e  
levels  of A+ .
At r<R but r>rA the Rydberg e lec t ron  is  unperturbed by the 
neutra l  rare-gas  atom B. So aside from normalization, the 
wavefunctions are those of an unperturbed atomic e lec t ro n  moving 
outs ide  the atomic reac t ion  zone:
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r<R, r>rA. ( I I I . 23)
Here U. i s  the unperturbed atomic frame t ransformation matr ix ,  which
1 P
along with the atomic eigenquantum defects  jjQ provides boundary
P
condit ions a t  r=rA. For the a lk a l i  -  rare-gas  dimers discussed in 
Sec.3A, U. is  the u n i t  matrix 6 . and the ij0 coincide with n„. Thelp lp p Xz
atomic quantum-defect-shif ted wavefunctions which general ize  
Eq. ( 111. 6 ) are given by
Outside the molecular reac t ion  zone (r>R), the e lec t ron  
experiences a pure Coulomb a t t r a c t i o n ,  and Q-„(r)  can be expressed in
* P
i t s  most general form as a l in e a r  combination of regu la r  and 
i r r e g u la r  Coulomb functions:
To solve these coupled equations for  the matrices  I and J we 
wil l  use standard boundary condit ions  a t  r=R, th a t  i s ,  co n t in u i ty  of 
the wavefunctions and a spec if ied  der iva t ive  d isco n t in u i ty  caused by 
the highly s ingu la r  d e l ta - func t ion  p o te n t i a l .  To be more s p e c i f i c ,  
one gets
Fi e (r)  = cos(lIV  " g£ . ( r ) ( I I I . 24)
r>R. ( I I I . 25)
Qif3 (r=R+e) - Qi g (r=R-e) = 0 , ( I I I . 26)
and, in teg ra t in g  Eq.( 111.21) from R-e to R+e ,
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Q;6 ( r=RH.£)-Q;B(r=R- E)=( 2 Vo/R2 ) ^ q .q i , v ; i) l i (R)Vl i , Xi> ) Q i . 1!(R).
( I I I . 27)
where e is  a r b i t r a r i l y  small and p o s i t iv e .  This leads to  the 
following e x p l i c i t  r e s u l t ,
V R> ' i s  '  \ (R> Jis -  ui s Fi s (R) =0- < " ' - 26a)
< / R)' ls-9«<R)Ji s -ni s Fis<R) - ( 2V R2) ^ , 1, 1/ v ( R) \ i ,xl!R)i' i - s Fi ' s ' R)-
( I I I .2 7 a )
Solving the combined l in e a r  equations for  I.. and J . g, and 
remembering th a t  w( f ft»gfc) = f i gjl = » we obta in
' i s  • - ui s cos( ' Ss> + 9t ,<R>Bis  ■ < " ' - 28>
Jis = - Ui 6Sln(’ i;B> + f t l <R>BiS’ < " ‘ -29>
where
Bis ■ <’ V r2) l l 6q1q1. V s V 1<R> V l ' (ii)Fi ' S (R)- ( I H -30)
Comparing E q . ( I I I . 25) with E q . ( I I . l )  we have
Ki i ' = I  Jis<r l >s i"  ( ’ " • 31)p
Diagonalizing the r e su l t in g  r e a l ,  symmetric K-matrix at  each
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value of R y ie ld s  the molecular frame transformation matrix and 
eigenquantum d e fec t s ,  from which the ( f ixed-nuc le i )  photo ionizat ion  
spec t ra  of the dimers can be ca lcu la ted  using the standard formulas 
of MQDT. 3
IV. Alkali-Rare Gas Dimers and Hydrogen-Rare Gas Dimers
IV.1. Introduction
Applications of t h i s  simple model to  several a l k a l i - r a r e  gas 
dimers using Formulation A i s  a good t e s t  of the model fo r  the 
following reasons: (1) The a lka l i -m eta l  - ra re-gas  dimers such as 
NaHe have been widely s tudied.  Large scale  ca lcu la t io n s  using model
pi  i n  pp
p o t e n t i a l s ,  pseudopotentia ls ,  or ab i n i t i o  c a lc u la t io n s  have 
been performed. Many calcula ted  r e s u l t s  of  our model, e sp e c ia l ly  fo r  
the alkal i-He species ,  can be checked agains t  (probably) more 
accurate  ( i f  l e s s  convenient) methods. (2) The input two-body 
s c a t te r in g  proper t ies  fo r  the formulation, t h a t  i s ,  the e~-A+ atomic
OO
quantum d efec ts ,  the (energy-dependent) f ree  e le c t ro n  e"-B s-wave
s c a t te r in g  phase s h i f t , ^  and the A+-B Born-Oppenheimer p o ten t ia l
i ncurve, are a l l  well determined. This ensures t h a t  d e f i c i e n c ie s  of 
the model cannot be a t t r ib u te d  to  the input da ta ,  permit t ing an 
unambiguous assessment of the a p p l i c a b i l i ty  and l im i ta t io n s  of the 
model.
Our MQDT analys is  i s  f a r  simpler than semiempirical model 
p o ten t ia l  or pseudopotential methods, which are in tu rn  much simpler 
than ab i n i t i o  c a lc u la t io n s .  Pasca le 's  a- dependent pseudopotential 
method , 1 0  for  ins tance ,  f i r s t  f inds  e labora te  a- dependent 
pseudopotentials  to  model the e"-A+ and e"-B in te ra c t io n s  and then 
solves the f u l l  one-electron Schroedinger equation a t  each R using 
some large v a r ia t iona l  bas is  (the basis  s ize  depends on the e lec t ron  
energy: fo r  higher the energies  a larger  bas is  i s  r equ i red ) .  On the 
other  hand, the present model requires  very l i t t l e  computation and is
30
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appl icable  to  s ta t e s  of a r b i t r a r i l y  high e x c i t a t io n  including the 
e lec t ro n ic  continuum.
Note t h a t  according to  E q . ( I I I .1 2 ) ,  fo r  x*0, K vanishes,  because 
x * 0 ^ eY£ x * 0 ^ ’^ =0’ Therefore the Present model p red ic ts  t h a t  
the  Tt (x=l) s t a t e s  of a l k a l i - r a r e  gas dimers are a l l  unperturbed 
atomic (A) s t a t e s .  This i s  in reasonable agreement with o ther  
ca lcu la t ions  (see,  fo r  example, Ref .10). In t h i s  chapter  
only a (x=0 ) s t a t e s  are considered.
In the following sec t ions  r e s u l t s  of ca lcu la t ions  using 
Formulation A fo r  various a l k a l i - r a r e  gas dimers and a lso  fo r  
hydrogen - ra r e  gas dimers will  be discussed. Sect ion 2 concentra tes  
on the determination of the  s trength  Vq of the d e l t a  funct ion 
po ten t ia l  using a renormalizat ion-type argument. Sect ion 3 makes 
several comparisons between the present work and P asc a le ' s  fo r  
a lkal i-He Born-Oppenheimer po ten t ia l  curves. Results fo r  HeH 
po ten t ia l  curves are a lso  presented in the s ec t ion .  Section 4 
b r ie f ly  d iscusses  a preliminary study of LiH using Formulation A 
(note th a t  the per tu rber  H i s  an open-shell  atom in t h i s  case ) .
IV.2. Determination of V q .
I t  was mentioned in Chapter I I I  t h a t  the s t reng th  V q  of the 
D irac-de l ta  funct ion po ten t ia l  i s  defined such th a t  the f ree  e le c t ro n  
-  V q 6 ( t - R )  s c a t te r in g  phase s h i f t  equals the exper imentally  known s- 
wave e"-B phase s h i f t .  To be more concrete ,  a d e r iv a t io n  fo r  VQ i s  
given below.
Consider a f ree  e lec t ron  a t  energy Te , which is  the k in e t ic  
energy of the Rydberg e lec t ron  a t  the pos i t ion  R of the pe r tu rbe r ,
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Te = k2/2 = e(R) + 1/R . ( IV .1)
Solving the Schroedinger equation fo r  the f ree  e lec t ro n  in a 
perturbing f i e ld  VQ6 (r-R) is exact ly  the same as solving Eq.( I I I .9 ) ,  
except t h a t  the regu lar  and i r r e g u la r  wavefunctions are not the pa i r  
of Coulomb functions  (F ,G } but are instead wavefunctions fo r  a f r e eX/ x>
p a r t i c l e :
f l  .  (2k /»)1/2r  j t (kr) , ( IV.2)
g* = (2k/„)1/2r n( (kr) , (IV.3)
where j ^ (k r ) and nfc(kr) are the usual spherical  Bessel func t ions .  
Therefore, a f re e - e le c t ro n  reac t ion  matrix i s  obtained,  having the 
same s t ru c tu re  as th a t  in E q . ( I I I .1 2 ) :
,  ( « y R 2 )^(R)Y* 0 ( R ) f^ (R )Y . , 0 (R) , ,
k!, . (R  -------------------     - 2 7-*"5------- • ( IV-4>
l - ( .V 0 /RZ) J i |Vt „0 (R) | 2 fJ„(R)gJ„(R)
For t h i s  separable  matrix ,  there  i s  only one nonzero eigenvalue,
which must coincide with the experimental t a n 6 _n fo r  e"-B
0pas c a t t e r in g ,  t h a t  i s ,
-(nVn /R2) I  W i l l *
t a n 6 n = ----------a— = - S ------- s - j -     . ( IV.5)




V  ' R A )  t«"«0 J I \ 0 W I 2fJ<R)9f<R) - I l f ' ( R)¥t o (R) | 2 Iua a (IV. 6 )
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The ca lc u la t io n  of Vq as a function of R and e(R) does not involve 
any matrix manipulat ions.
I t  should be noticed th a t  the summations in the denominators of
Eq. ( 111.12) and Eq.(IV.5) are formally divergent  i f  the summations
are ca r r ied  out to  n + ». This follows,  because
lYa o ( ^ ) |2=(2a+1) / ( 4lT) and j £(kr)na (kr) -  - l / [ k r ( 2 n + l ) ] as
lYs,0 (^) | 2 f f ( R) gft(R) * - R/ ( 2*2) as 8,-*°°, i . e . ,  the terms to  be summed
in Eq.( IV.5) become independent of the index n as n goes to
i n f i n i t y .  This divergence stems from the Dirac-de l ta  function
p o t e n t i a l ,  which i s  too highly s ingular  to give a solvable
Schroedinger equation in three  dimensions. I t  i s  th e re fo re  e s se n t i a l
to t runca te  the p a r t i a l  wave expansions in such a way th a t  the
diverging e f f e c t s  of the two summations cancel each o ther  exac t ly .
Consistency then requ i res  th a t  both summations be truncated  to the
same a . This treatment i s  an es sen t ia l  f ea tu re  of the  present  max r
d e l t a  function model and is  by nature a so r t  of "renormalizat ion"  
method. With t h i s  t reatment  the s in g u la r i ty  of the d e l t a  funct ion 
p o ten t ia l  is  overcome, and s tab le  and converged r e s u l t s  ( in  fcmax) can 
be obtained. F ig .3 shows the CsHe l lpo s t a t e  obtained from 
c a lcu la t io n s  with f ive  d i f f e r e n t  The do t ted ,  dashed, long-lllUA
dashed, dash-dotted,  and so l id  curves (the long-dashed and dash- 
dotted  ones are ac tu a l ly  not v i s ib le  in F ig .3) correspond to 
8, =5,6 , 7 , 8 , and 9, r e sp ec t iv e ly .  The curves converge to the so l id
l ine  and the convergence has been reached a t  &max=8 . which i s  roughly 
the e f f e c t iv e  quantum number of the s ta t e  (v=7.4). Moreover, as 
expected, the r a te  of convergence is  g rea te r  a t  smaller R. However, 





0.0 10.0 20.0 30.0
R (a.ti.)
Figure 3: 8orrv-0ppenhei«er potential curves resulting fro* f iv e
different calculations for CsHe llp« s ta te , using Foraulatlon  
A with * 5 , 6 , 7 , 8 , and 9 (dotted, dashed, long-dashed, 
dash-dotted, and so lid  curves, resp ectively). The c jr v es  
with i  *7 .8 , and 9 are v irtu a lly  Indistinguishable on the  
scale shown.
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(the f i r s t  one or two bound s t a t e s ) ,  where amax must be confined 
a r t i f i c i a l l y  to  get reasonable r e s u l t s  and no convergence in jl „ can
IDaX
be obtained.  This phenomenon remains to be explained.
I t  should be pointed out th a t  whenever R>-l/e(R), the value of k 
becomes imaginary, since Te<0. This causes some d i f f i c u l t y ,  since 
the e~-B sc a t te r in g  phase s h i f t s  are normally ava i lab le  only a t  
p o s i t iv e  energies .  But since tanfi0 /k=tan 6 Q is  smooth near Te=0, i t  
can simply be ex trapolated to  (or ca lcu la ted  ab i n i t i o  a t )  negative 
energ ies .  F ig .4 i s  a p lo t  of tandg as a funct ion of Tfi fo r  e_-He 
s c a t t e r in g .  I t  is  seen th a t  the curve crosses  zero energy 
smoothly. Consequently Vq i s  a lso smooth a t  Te=0. This can be shown 
c le a r ly  by converting Eq.(IV. 6 ) in to the following form with simple 
algebra:
V 0 = ( r 2 / 2 )  * “ ‘ > “ • 8 ^ I V « ) l - I l f X > ) l 2 < * T e > ‘ , .
(IV. 6 a)
where the "renormalized" funct ions f^= k_s,r  j £(kr) and 
g^E ki+* r  nfc(kr) are both smooth ( in  f a c t  an a ly t ic )  a t  Te=0.
The neglected p-wave e lec t ron  - per tu rber  s c a t t e r in g  is  
considered to  be small in general .  The p-wave con t r ib u t io n  can be 
included p e r t u r b a t i v e i y,^ but i t  does not lead to  s ig n i f i c a n t  
modificat ions  of ad iaba t ic  po ten t ia l  curves ca lcu la ted  ignoring the 
p-wave e f f e c t  completely.
IV.3. Alkali-He and HeH





- 0.01-0 .03 0 . 0 1 0.03 0 .05 Q.QT7
Te (a .u .)
Figure 4: Illu stration  of the s-wave e"-B scattering phaseshift:
tan«Q=tan«0/k is  a smooth function of the energy Te near
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using Formulation A are s tra ightforward and simple. In the 
following, c lose  comparisons between t h i s  work and Pasca le 's  
va r ia t io n a l  method^ for  a l l  the alkal i-He dimers (except FrHe) wil l  
be made.
F ig .5 shows Born-Oppenheimer po ten t ia l  curves fo r  the CsHe 5do, 
7sa, 7pa, 6 da, and 8 so s t a t e s .  The r e s u l t s  of t h i s  work (dashed 
curves) are in reasonable agreement with those of Pasca le 's  
dependent pseudopotential c a lcu la t io n s .  In p a r t i c u l a r ,  the close 
avoided crossing between 5da and 7so i s  a c r i t i c a l  f ea tu re  of the 
po ten t ia l  curves. P asca le ' s  previous a - in d e p e n d e n t  pseudopotential  
c a lcu la t io n  did not show t h i s  avoided cross ing a t  a l l ,  and the 
pe r tu rba t ive  Fermi model f a i l s  as wel l .  The nonper turbat ive Fermi- 
type analys is  of the present  work is  able to get t h i s  s e n s i t iv e  and 
experimentally  confirmed2  ̂ f e a tu re .  Figure 6  gives p o ten t ia l  curves 
of the ground s t a t e  (6 so) and of the f i r s t  exci ted s t a t e  ( 6 pa) of 
CsHe. As mentioned in Section IV.2, a t  very low energy, fo r  some 
unclear  reason,  the number of p a r t i a l  waves must be l imited .  The 
c a lc u la t io n  fo r  t h i s  ground s ta t e  of CsHe involves only three  
channels ( i . e . ,  ^max=2).  For a l l  the higher s t a t e s  including 6 po, 
convergence in «,max can be found. Figures 7-10 show several ad iab a t ic  
p o ten t ia l  curves fo r  RbHe, KHe, NaHe, and LiHe, r e sp ec t iv e ly .  In 
general ,  c a lcu la t io n s  from the simple d e l t a  function model (dashed 
curves) are q u a l i t a t i v e ly  (semiquant i ta t ively)  s im i la r  to  
ca lcu la t ions  of Pascale (smooth curves) ,  both showing many avoided 
cross ings  and approaching the atomic leve ls  a t  large R (as is  












Figure 5: Several CsHe Born-Oppenheimer potential curves resu ltin g  from 
the present nonperturbative Fermi-type analysis (dashed 
curves) are compared to the calculations of Pascale (s o lid  
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Figure 6: Same as F i g . 5 but for lower states of CsHe, the ground and 
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Figure 8: Sane as F ig .5 but for KHe.
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Figure 10: Same as F i g . 5 but for LiHe.
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the 4fo s t a t e  of KHe. I t  i s  not e n t i r e ly  c le a r  which c a lc u la t io n  is  
more accurate .  For example, the discrepancy between the two methods 
in the LiHe 3do po ten t ia l  curve is  la rge ,  but the ab initio 
ca lcu la t io n  of Ref.22 gives a r e s u l t  c lo se r  to t h a t  from the  p resen t  
work. Experimental data or more "d e f in i t iv e"  th e o re t ic a l  
ca lcu la t ions  are needed in t h i s  regard.
F ig .11 shows two po ten t ia l  curves of NaHe, 8 pa and the lone 
per turbed hydrogenic (high-d) s t a t e  (see d iscuss ion  in Chapter I I I )  
with the same pr inc ipa l  quantum number n. The two s t a t e s  are 
unusually o s c i l l a t o r y ,  and per turb  each other  s t rong ly .  A s im i la r  
phenomenon fo r  NaHe has been reported by de Prune!e in Ref.9.
Hydrogen-rare gas dimers can also be t r e a te d  using Formulation 
A. F ig .12 compares Born-Oppenheimer po ten t ia l  curves of the f i r s t  
four exci ted  s t a t e s  of HeH between the present study ( so l id  curves) 
and an ab initio c a lcu la t ion  from Ref.26 (dotted curves) .  A point  
needs to be c l a r i f i e d  here: Due to the lack of information on the 
H+-He p o ten t ia l  curve, the lowest curve of the four  from Ref .26 is 
assumed to be sh i f ted  by a constant  (a t a l l  R) from the ion p o ten t ia l  
curve. This leads to  the exact agreement between the two 
c a lcu la t ions  fo r  t h a t  curve, because according to  the present  model, 
t h i s  curve should be exact ly  p a r a l e l l  to  the HeH+ po ten t ia l  curve 
(the e lec t ron  energy curve e(R) i s  a f l a t  l ine for  t h i s  unperturbed 
hydrogenic s t a t e ) .  Therefore, no discrepancy appears fo r  the lowest 
curve. For the other  three  s t a t e s  large d iscrepencies  are shown, 
however, espec ia l ly  fo r  small R-values. Further  s tud ies  on hydrogen 
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Figure 11: Two adiabatic potential curves of NaHe, showing strong 
interaction between the 8po state  ( so l id  curve) and the 
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Figure 12: Potential curves of the f i r s t  four excited sta tes  of HeH.
The smooth curves are from the present work, the dotted ones 
are from Ref.11. The two curves for the lowest s ta te  of the 
four from the two calculations are forced to coincide with 
each other (see the t e x t ) ,  which allows extraction of the 
ground state  potential for HeH*.
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IV.4. Alkali-Hydrogen Dimers
The use of a D irac-de l ta  funct ion to  model the e“ -B in te r a c t io n  
reduces the Schroedinger equation of a dimer A B to  i t s  simplest  
poss ib le  form. This would n a tu ra l ly  suggests t r i a l  ap p l ica t ions  of 
the model to other  types of dimers.  A large c la s s  of po ten t ia l  
app l ica t ions  cons is t s  of a Rydberg atom perturbed by an o p e n - s h e l l  
atom in i t s  ground s t a t e  (such as an oxygen atom). In genera l ,  the 
formulat ions  given in Chapter I I I  should be modified s u b s t a n t i a l l y  to  
deal with the g rea te r  complexity of  the e“ - o p e n - s h e l l  per tu rbe r  
in te ra c t io n .  However, a special  case in which the re  i s  only one 
e lec t ron  in the open she l l  of the per tu rber  B, such as a hydrogen 
atom H, can be t re a ted  in the present  formulation rea d i ly  by 
performing separate  ca lcu la t ions  with s i n g l e t / t r i p l e t  e-H phasesh i f t  
da ta .  Formulation A can then be applied to  a lkal i -hydrogen dimers 
d i r e c t l y .  Considering LiH as a prototype of such dimers,  prel iminary 
ca lcu la t io n s  of LiH Born-Oppenheimer po ten t ia l  curves using 
Formulation A give r e s u l t s  in (a t  le a s t )  q u a l i t a t i v e  agreement with 
those from ab i n i t i o  ca lcu la t io n s  of R ef .11, ind ica t ing  th a t  the 
de l ta - fu n c t io n  model may apply to  LiH as wel l .  These prel iminary 
r e s u l t s  are not presented in t h i s  d i s s e r t a t i o n ,  pending fu r th e r  
study.
V. Heteronuclear Rare Gas Dimers
V.1. In troduction
Photoionizat ion spect ra  of various homonuclear and heteronuclear
1 o
ra re  gas dimers were studied experimentally  by Dehmer and P ra t t  
several  years  ago. The r i c h ,  in t r ig u in g ,  ye t  complex experimental 
r e s u l t s  had remained la rge ly  unin terpre ted  before our study and thus 
provided a challenge as well as a good t e s t  of the new dimer model. 
Here, s tud ies  by a l l  conventional methods and even by MQDT methods as 
implemented previously  would be impractical due to  the complexity of 
these  rare  gas dimer systems. Indeed, the r a re  gas dimer spec t ra  
observed by Dehmer and Chupka provided the f i r s t  motivat ion fo r  
formulating a simple, p ra c t ic a l  approach. Only heteronuclear  rare  
gas dimers can be invest iga ted  using the present  model. Fur ther  
gen e ra l iza t io n  of Formulation B in terms of  molecular gerade and 
ungerade symmetries wil l  be required to  deal with homonuclear 
dimers. This genera l iza t ion  would increase the  a p p l i c a b i l i t y  of the 
present  model s ig n i f i c a n t ly  and deserves d e ta i l e d  study following the 
completion of t h i s  work.
From the point of view of conventional c o n f ig u ra t io n - in te ra c t io n  
methods, the th e o re t ic a l  desc r ip t ion  of such Rydberg spec t ra  i s  
plagued by a t  l e a s t  twomajor d i f f i c u l t i e s :  ( i )  the enormous number
of in te ra c t in g  Rydberg s t a t e s  a t  each value of the in te rn u c lea r  
separa t ion  R; and ( i i )  the conspicuous e f f e c t s  of au to ion iza t ion  in to  
underlying photoionizat ion continua,  e spec ia l ly  in the range between 
the atomic f in e - s t r u c tu r e  th resho lds .  A f a r  more economical 
d esc r ip t io n  of these  spec t ra  should in p r in c ip le  be based instead on
48
1 o
multichannel quantum defec t  theory (MQDT). Rather than c a lc u la t in g
every energy level separa te ly  at  the ou t se t ,  MQDT s t a r t s  from a
smooth body-frame reac t ion  matrix K^. , (a,R) which im p l ic i t ly
descr ibes  in a compact fashion a l l  Rydberg lev e ls ,  t h e i r  adjoining
continua,  and a l l  mutual in te ra c t io n s .  In molecules studied  thus  f a r
by MQDT techniques , the number of body-frame channels has been qu i te
0 1 (\
small (e .g .  one channel fo r  the H2  ungerade s t a t e s ,  * and th ree
0 7
channels fo r  the gerade s ta t e s  ) ,  making i t  f e a s ib le  to 
e x t r a c t  K....,(a,R) by analyzing the Born-Oppenheimer po ten t ia l  curves 
of the neutral  and ionic species .  Such an analys is  would appear to  
be f u t i l e  fo r  the rare  gas dimers,  because t h e i r  p o ten t ia l  energy 
curves in t h i s  energy range are complicated and almost completely 
unknown. Moreover the large number of body-frame channels N > 20 
would make i t  almost impossible to determine the NxN ( r e a l ,  
symmetric) reac t ion  matrix even i f  the po ten t ia l  curves were known. 
Clearly the use of MQDT to  study these systems requ ires  a new 
approach to  provide es timates  of the reac t ion  matrix elements 
d i r e c t l y .
Dehmer and P r a t t ' s  systematic study of the photoionizat ion 
spec t ra  show unexpected and in t r iguing  r e g u l a r i t i e s  near the atomic 
ion iza t ion  th resho lds .  The observed spectra  follow the atomic 
photo ionizat ion cross  sec t ion  c lose ly  for  several dimers (e .g .  NeXe), 
while bearing l i t t l e  or no resemblance to  the atomic spectrum for  
others  (e .g .  Xe2). At somewhat lower f in a l  s t a t e  energies  (below the 
atomic ion iza t ion  thresholds but above the molecular ion iza t ion  
th re sho ld ) ,  however, the e lec t ro n ic  level s t ru c tu re  is  s ig n i f i c a n t l y  
more complicated in appearance. Our th eo re t ic a l  ana lys is  of some of
50
these spec t ra  accounts fo r  many of the observed f e a tu re s ,  giving the 
f i r s t  de ta i led  c l a s s i f i c a t i o n  and in te rp re ta t io n  of the 
measurements. I t  also provides a glimpse in to  the mechanisms 
responsib le  fo r  the in t r igu ing  s i m i l a r i t i e s  among many of the dimer 
spec ies ,  while explaining some of t h e i r  more s t r i k in g  d i f fe rences  as 
wel l .  Some p e r s i s te n t  remaining discrepancies  between experimental 
spec t ra  and our ca lcu la ted  r e s u l t s  shed l ig h t  on the range of 
v a l id i t y  of such "perturbed-atom" formulations,  but t h e i r  
implicat ions are s t i l l  ambiguous. To e s ta b l i s h  more conclusive ly  the 
a p p l i c a b i l i t y  of t h i s  formulat ion,  however, more complete and 
accurate  information i s  needed concerning the two-body dynamics used 
as input in our approach, such as the Born-Oppenheimer po ten t ia l  
curves of the dimer ions.
The following sec t ions  present  the ca lcu la ted  r e s u l t s  and 
comparisons between the theory and the measurements. I t  w i l l  be 
shown th a t  the r a re  gas dimers a t  f a i r l y  large in te rnuc lea r  
separat ions  R> 6  a .u .  can be approximately described as a multichannel 
r a re-gas  atom Rydberg spectrum, which i s  perturbed by another r a re -  
gas atom in i t s  ground s t a t e .
V.2. General Considerations
The ground s t a t e  of each rare  gas dimer i s  weakly bound in a van 
der Waals minimum, with a d i s soc ia t ion  energy no l a rg e r  than 185 cm-  ̂
(the d is so c ia t io n  energy of  ground s t a t e  Xe2) .  S t i l l ,  a t  each R 
there  are dozens of in te ra c t in g  Rydberg s e r ie s  converging to the 
f i n e - s t r u c t u r e - s p l i t  ionic  s t a t e s .  L i t t l e  i s  known about these  dimer 
Rydberg s t a t e s ,  because a spectra l  ana lys is  of a r a re  gas dimer is
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f a r  less  manageable than t h a t  of an a lka l i  - r a re  gas dimer, and i t
appears to be qui te  in t r a c ta b le  to describe a heavy ra re  gas dimer by
brute  force using conventional methods. The p roh ib i t ive  d i f f i c u l t y
of ab i n i t i o  c a lcu la t io n s  fo r  these complicated dimers has g re a t ly
l imited the number of th e o re t ic a l  s tud ies .  The semiempirical
Qt reatment  of bound s t a t e s  of ArHe by de Prunele i s  s im i la r  to  the
OQ
present  e f f o r t .  Bussert e t  al have developed a scheme which r e l i e s  
on the d iagonal iza t ion  of a semiempirically-determined Hamiltonian 
matr ix ,  and have used the  calcula ted po ten t ia l  curves to analyze 
c o l l i s i o n s  between Ar and lase r -exc i ted  Ne .
In l i g h t  of the successful  app l ica t ions  reviewed in Chapter IV 
and the s im i l a r i t y  of the  Rydberg s ta t e s  of a l k a l i - r a r e  gas dimers 
and of heteronuclear  r a re  gas dimers,  reasonable r e s u l t s  are expected 
fo r  heteronuclear  rare  gas dimers using the same physical model. I t  
would not be su rp r i s in g ,  however, i f  t h i s  model is  l e s s  r e a l i s t i c  fo r  
a heteronuclear  ra re  gas dimer than fo r  an a lk a l i  -  r a re  gas dimer. 
Indeed, a semiquant i ta t ive  descr ip t ion  of the spectrum of a system as 
complicated as ArXe should be considered " sa t i s fac to ry "  fo r  the time 
being.
To estimate the f e a s i b i l i t y  of the simple model, we w i l l  d iscuss  
a few general fea tu res  of heteronuclear  ra re  gas dimers below.
Unlike an a lkal i -metal  atom, a ra re  gas atom is  i t s e l f  a complicated 
multichannel system even without an external per tu rba t ion .  The spin-  
o r b i t  coupling s p l i t s  the lowest ion iza t ion  l imit  of a r a re  gas atom 
into  two f in e - s t r u c tu r e  thresholds corresponding to  the Jc=3/2 and 
J c=l/2 core s t a t e s .  Here Jc denotes the to t a l  angular momentum of 
the ion core . The neutral  ra re  gas per tu rber  B induces a f u r th e r
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s p l i t t i n g  of the lower atomic f in e - s t ru c tu re  th resho ld ,  and there  are 
a t o t a l  of th ree  bound ionic s t a t e s  fo r  the A+B rare  gas dimer 
(unless A=He, in which case there  is  only one). F ig .13 shows the s ix  
ionic  po ten t ia l  curves of a heteronuclear  ra re  gas dimer in the 
energy range covering A++B and A+B+. The two se ts  of p o ten t ia l  
curves , {X .A ^^}  and { B .C ^ ^ } ,  are s im i la r  to  each o th e r ,  and we 
can confine our present  discussion to  e i th e r  se t  without loss  of 
g en e ra l i ty .
At large in te rnuc lear  separat ions  R, A+ and B are bound to  each 
o ther  by the ion-induced p o la r iz a t io n  force ,  and there  are only two 
p o ten t ia l  curves of the ionic s ta t e s  d is so c ia t in g  to 
A+ (2 P°/ 2 ) + B ^S q)  and A+(2 pJ/ 2 ) + B ^ S q )  , r e sp ec t iv e ly .  
Moreover, the two p o ten t ia l  curves are p a r a l l e l ,  ind ica t ing  th a t  
there  is  no mixing of the two ionic s ta t e s  and t h a t  Jc i s  s t i l l  a 
good ion iza t ion  channel quantum number as for  an unperturbed Rydberg 
atom A. As R decreases toward the minima of the curves (which are 
usually  close  to each o th e r ) ,  the two po ten t ia l  curves become less  
p a r a l l e l ,  and at some c r i t i c a l  point the lower curve s p l i t s  into 
two. Accordingly, as R decreases,  the assumptions of our model are 
progress ively  v io la ted :  J c is  no longer a good quantum number of  the
molecular ion, and the d i s to r t i o n s  of A+ and of B due to  t h e i r  mutual 
per tu rba t ion  become nonnegl igible .  Two problems then a r i s e .
F i r s t l y ,  the e“-A+ short -range in te ra c t io n  would then devia te  
s ig n i f i c a n t ly  from th a t  represented by the atomic frame 
transformation matrix and eigenquantum d e fe c t s ,  the usually  
access ib le  MQDT parameters.  Secondly, the s trongly polar ized
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per tu rbe r  B cannot be regarded a c losed-she l l  neutra l  atom (with zero 
angular momentum) any more, and the d e l ta - func t ion  approximation 
would not be adequate, posing a fundamental problem fo r  the model.
At very small values of R, of course, A+ and B are inseparable  and 
the model f a i l s  completely.
From the above d iscuss ion ,  we may conclude th a t  one c r i t e r i o n  
fo r  the model to apply i s  tha t  the photoabsorption occurs a t  a large  
in te rnuc le a r  separa t ion  R. To be more concrete ,  only i f  the 
equil ib r ium in te rnuc lea r  separat ion  Re of the neutral  ground s t a t e  
dimer is  c lose  to  or l a rg e r  than the c r i t i c a l  value of R beyond which 
the two po ten t ia l  curves in F ig .13 converging to the J c=3/2 ionic  
threshold  (X and Aj, or and B, whichever pa i r  i s  re levan t )  merge 
in to  one degenerate p o t e n t i a l ,  can we expect reasonable r e s u l t s  based 
on our simple model. The ava i lab le  evidence from our l imited
pq -31
knowledge 3  J of the p o ten t ia l  energy curves of the ground s t a t e  
ra re  gas dimers and the ions suggests th a t  fo r  most of the
1 ?heteronuclear  ra re  gas dimer species  s tudied by Dehmer and P r a t t  , 
t h i s  c r i t e r i o n  i s  s a t i s f i e d .  Other measurements of r a re  gas dimer
o p
spec t ra ,  such as those of Kane and Eden do not involve t r a n s i t i o n s
to or from the dimer ground s t a t e .  These spec tra  depend on the
p o ten t ia l  curves a t  smaller  values of R where our model is
inappl icable  in i t s  curren t  form. In te rp re ta t io n  of the c o l l i s i o n
33experiments of Nowak and Fricke depends on the small-R p o ten t ia l  
curves as well .  The multiphoton ion iza t ion  experiments of P r a t t  e t  
a l ^ 4  s t a r t  from the dimer ground s t a t e  l ike  R ef .12, on the o ther  
hand, and accordingly the following treatment could eventual ly  be 
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Figure 13: Potential curves of ArXe* and Ar*Xe, using Morse potential 
parameters from Ref. 29.
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V.3. Fixed-nuclei O s c i l l a to r  Strengths
An approximate method to  ca lcu la te  f ixed-nucle i  ( r o t a t i o n a l ly  
and v ib ra t io n a l ly  unresolved) o s c i l l a t o r  s t rengths  using MQDT wil l  be 
out l ined  h e r e .^ ’^*^® Consider an N-channel system with NQ open 
channels (i e P) and NC=N-N0  closed channels (i  e Q) . For the open 
(closed) channels,  the e lec t ron  energy a t  large r ,  e^= E-E.., i s  
p o s i t iv e  (negat ive) .  If  NQ j  0,  there  are NQ non tr iv ia l  
so lu t ions  {t , A^ph ,  p = l , . . . , N 0  , fo r  the following general ized 
eigenvalue equation:
r A = tan-nx a  A , (V. l )
where





Flere ^  is the e f fe c t iv e  quantum number in closed channel i ,
?
i . e . ,  e . =-1/ (2v.j ) ;  U.. and tamtij are the R-dependent eigenvectors  
and eigenvalues of the dimer reac t ion  matrix K, re sp e c t iv e ly .  When 









de t ( r )=0  , (V.4)
which determines the d i s c r e t e  e lec t ron ic  energy leve ls  E ^ ( R ) .
In the present work, two energy regimes are of i n t e r e s t :  ( i )  the 
d i s c r e te  spectrum (Nq =0); ( i i )  the au to ion iza t ion  spectrum 
(Nq^ 0, Nc^ 0) . Formulas re levan t  to the two d i f f e r e n t  energy 
regimes will  be given separa te ly .
a. the d i s c r e te  spectrum
In the energy region below the f i r s t  ion iza t ion  th re sh o ld ,  a t  a 
fixed in te rnuc lear  d is tance  R, the o s c i l l a t o r  s trength  fo r  the nth 
s t a t e  of the N d i s c r e te  energy levels  determined by Eq. ( V.4) i s  as 
f o l lo w s :^ * ^
f n = I  [ - ( Enn>" E0 )IS D£n)A< n * n > | 2  /  N̂ a ) ] ,  (V.5)
fl=0,±l 3 a
with the dipole  matrix elements
and the normalization f ac to r
N̂ )= I I I  vi 3 n2  ui cosn( v • +» )A^ n » f i ) ] 2  , (V.7)n ^ L l , n  l a  v 1 ,n a 7 a '  7l a
where d0 are the unperturbed atomic (A) dipole  matrix elements,  e . g . ,
P
57
do(£i- ° )= <eJ,n= 0 | z | J n=0,fin=0>. Note tha t  the n-dependence of d 0 isp U U p
t r i v i a l  here, i . e . ,  d (Q-0 ) =d because the ground s t a t e  has
P P
J=0. The atomic dipole  matrix elements d„ are of course a l l  zeroP
except fo r  the f iv e  connecting the ground s t a t e  to atomic d ipole-  
allowed t r a n s i t i o n s  with J= l ,  odd p a r i ty .  The f ive  nonzero d0  are
P
obtained from Ref. 35 for  our ca lc u la t io n s .  [ E ^ R )  - Eq(Rfi) ] i s  the 
t r a n s i t i o n  energy in a .u .  [Eq.(V.7) neglects  the weak energy- 
dependence of  U.^ and More genera l ly ,  see Eq.(26) of  Ref .3] The 
to t a l  magnetic quantum number n is  a constant of the motion. |n |  = 0  
and 1 are the only symmetries re levant  to  us.
b. the au to ion iza t ion  spectrum
Between the A+B f in e - s t ru c tu r e  th resho lds ,  closed and open 
channels are mixed toge ther ,  forming an auto ion iza t ion  spectrum. The 
fixed-nucle i  o s c i l l a t o r  s trength  dens i ty  i s  then ( in  a .u . )
J~- X M E - E o l l l D ^ A ^ I 2 / N < a ) | ,  ( V . 8 )
dE ft=0,±l p 3 a
with the normalization f a c to r
= I I I  c o s t t ( - t  + y  )A^ p , n ) | 2  . (V.9)
p zLn 1 a  P o  a  1le P  a
The in Eq. (V.8 ) has the same expression as th a t  of Eq.(V.6 ) .
The needed atomic dipole matrix elements d„ are extrac ted  from the
P
reduced dipole matrix elements tabula ted in Ref .37, as they are 
re la te d  simply by a f ac to r  of /3 .  Recall a lso  t h a t  the o s c i l l a t o r  
s t reng ths  corresponding to f in a l  s t a t e s  o=+l and n=-l are exact ly  the
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same for  a diatomic system.
V.4. Results  of Calculat ions
Before going in to a de ta i led  discussion of our ap p l ic a t io n s ,  
several general points  concerning the ca lcu la t ions  should be 
c l a r i f i e d  f i r s t .
( i )  The atomic MQDT parameters U.„ and pD in E q s . ( I l l .23) andIp p
( I I I . 24) are supposedly given input in our formulation.  We wil l  
d iscuss  here a few d e t a i l s  concerning the atomic frame transformation  
matrix of an unperturbed ra re  gas atom.
For an unperturbed rare  gas atom, the dipole-allowed t r a n s i t i o n s  
are only those to  the J=l ,  odd p a r i ty  s ta t e s  ( s tab le  s t a t e s ) ,  and 
these s ta t e s  belong to f iv e  Rydberg s e r ie s  converging to the two 
f in e - s t ru c tu r e  th resholds .  With the per tu rba t ion  from another  r a re  
gas atom B, however, the to ta l  angular momentum of an upper s t a t e  i s  
not necessar i ly  1 ( J = 0 ,2 , 3 , . . .  are a lso possib le )  and these can mix 
with even p a r i ty  upper s t a t e s  as wel l .  Therefore there  are many more 
than f iv e  Rydberg se r ie s  for  the perturbed ra re  gas atom.
Accordingly, the ion iza t ion  channels are character ized  by Jc ,
Mc , a ,  x ,  and ms (Mc i s  the pro ject ion  of Jc and ms i s  the 
p ro jec t ion  of the Rydberg e lec tron  spin s ,  on the in te rnuc lea r  
a x is ) :  iE{JcMc ,ax,ms ) . A rare  gas atom is  near ly LS-coupled when a l l  
e lec t ro n s  are at small r ad ia l  d is tances .  Letting 6  denote the s e t  of 
LS-coupled quantum numbers, tha t  i s  BhULSJ} (L is  the t o t a l  o r b i t a l  
angular  momentum and S i s  the t o t a l  sp in) ,  and l e t t i n g  e denote the 
t rue  eigenchannels of the short-range reac t ion  matrix,  the atomic 
frame transformation matrix U.Q can be w r i t ten  as1 P
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n i B -  J x iS w5b ‘
6
Here W- i s  the matrix t h a t  describes  the departure  of the matrix
P@
Ui 6  from the geometric frame transformat ion matrix X..- 
Xi 8  = <J cMc .ax,sms |dLSJ>(fi)
= I  <J cMc J m j.|Jfi><sms ,ax | jmj.><(ScLc )Jc ( s n ) j | ( $ c s)S (LC* ) L > ^ ,  
Jinj
(V . l l )
where j  is  the e lec t ron  angular momentum, nij i s  i t s  z-component, Sc 
and Lc are r espec t ive ly  the spin and o r b i t a l  angular momenta of  the 
res idual  core. This matrix element vanishes unless  both 
M_ + x + iti = q and J > | n | .  For channels 6  with s,>an , ii =0, andC S — U p
the e igens ta te s  become degenerate.  Therefore , fo r  channels with 
8,>an , U. 0 can be taken as 6 .„.  From Eqs. ( 111.28),  ( I I I . 29) andU I p Ip
( I I I . 30), i t  i s  easy to  prove th a t  for  &>8,q , only the channels 
with x=0 can be sh i f ted  from hydrogenic energies .  Table I gives  the 
quantum numbers designating channels i and ?  fo r  atomic Ar. Note 
th a t  we assume the Ar f-wave quantum defec ts  are zero,  and hence 
8,0 = 2  . Moreover the high-fl, (a,>2) channels with x*0 are not l i s t e d  in 
the t a b le .  The matrix W- , as well as the atomic quantum defec ts
PP
vi , can be obtained from ab i n i t i o  ca lcu la t ions  or by f i t t i n g  the 
ava i lab le  experimental da ta  empir ica l ly .  We use r e s u l t s  from both 
methods in the following.
( i i )  The molecular f in e - s t ru c tu r e  thresholds needed in the
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Table I.  Quantum numbers designating ioniza t ion  channels i and 
eigenchannels e fo r  Ar. The high-si ( i>2) eigenchannels 
3  are not l i s t e d  here, because 8 =i [see d iscuss ion  below 
E q . ( v . l l ) j .
(a) £2 = 0
i 8
8, X ms Jc Mc S «, L J
1 0 0 -0.5 0.5 0.5 0 1 0 0
2 0 0 -0.5 1.5 0.5 1 1 1 0
3 0 0 0.5 0.5 -0.5 1 0 1 0
4 0 0 0.5 1.5 -0.5 1 2 1 0
5 1 - 1 -0 .5 1.5 1.5 1 1 0 1
6 1 - 1 0.5 0.5 0.5 1 1 1
7 1 - 1 0.5 1.5 0.5 1 1 1
8 1 0 -0 .5 0.5 0.5 1 1 2 1
9 1 0 -0 .5 1.5 0.5 1 1 2 1
1 0 1 0 0.5 0.5 -0.5 1 2 2 1
1 1 1 0 0.5 1.5 -0.5 2 1 1
1 2 1 1 -0 .5 0.5 -0.5 1 0 1 1
13 1 1 -0 .5 1.5 -0.5 0 1 1
14 1 1 0.5 1.5 -1.5 1 1 1 2
15 2 - 2 0.5 1.5 1.5 1 2 2
16 2 - 1 -0 .5 1.5 1.5 1 1 2 2
17 2 - 1 0.5 0.5 0.5 2 2 2
18 2 - 1 0.5 1.5 0.5 1 0 1 2
19 2 0 -0 .5 0.5 0.5 1 2 1 2
2 0 2 0 -0 .5 1.5 0.5 1 2 2 2
2 1 2 0 0.5 0.5 -0.5 1 2 3 2
2 2 2 0 0.5 1.5 -0.5 1 1 2 3
23 2 1 -0 .5 0.5 -0.5 1 2 3 3
24 2 1 -0.5 1.5 -0.5 2 3 3
25 2 1 0.5 1.5 -1.5 1 2 2 3
26 2 2 -0.5 1.5 -1.5 1 2 3 4
27 3 0 -0.5 0.5 0.5
28 3 0 -0.5 1.5 0.5
29 3 0 0.5 0.5 -0.5
30 4 0 0.5 1.5 -0.5
31 4 0 -0.5 0.5 0.5
32 4 0 -0.5 1.5 0.5
33 4 0 0.5 0.5 -0.5
































s. X ms Jc Mc S 8, L
0 0 0.5 0.5 0.5 1 1 0
0 0 0.5 1.5 0.5 0 1 1
0 0 -0.5 1.5 1.5 1 1 1
- 1 0.5 1.5 1.5 1 1 2
0 0.5 0.5 0.5 1 2 1
0 0.5 1.5 0.5 1 2 2
0 -0 .5 1.5 1.5 0 2 1
1 -0 .5 0.5 0.5 1 0 1
1 -0.5 1.5 0.5 0 0 1
1 0.5 0.5 -0.5 1 1 1
1 0.5 1.5 -0.5 0 1 2
2 - 1 0.5 1.5 1.5 1 1 2
2 0 0.5 0.5 0.5 0 2 2
2 0 0.5 1.5 0.5 1 0 1
2 0 -0.5 1.5 1.5 1 2 1
2 1 -0.5 0.5 0.5 1 2 2
2 1 -0.5 1.5 0.5 1 2 3
2 1 0.5 0.5 -0.5 1 1 2
2 1 0.5 1.5 -0.5 1 2 3
2 2 -0.5 0.5 -0.5 0 2 3
2 2 -0.5 1.5 -0.5 1 2 2
2 2 0.5 1.5 -1.5 1 2 3
3 0 0.5 0.5 0.5
3 0 0.5 1.5 0.5
3 0 -0.5 1.5 1.5
4 0 0.5 0.5 0.5
4 0 0.5 1.5 0.5

























f ixed-nucle i  c a lcu la t io n s  are the v e r t ic a l  ion iza t ion  p o te n t i a l s  of 
the  p a r t i c u la r  dimer, i . e . ,  the po ten t ia l  energies  of  the two ionic  
s t a t e s  a t  the in te rnuc lea r  separat ion  Re , the equil ibrium 
in te rnuc lea r  d is tance  of the ground s t a t e  dimer. Because we lack 
accurate  ionic s t a t e  po ten t ia l  curves, and also  because of the large 
geometry change between the ground s t a t e  of a ra re  gas dimer and the
ionic  s ta t e s  (Re i s  much la rge r  than the minima of the p o ten t ia l
curves of the ion) ,  we u t i l i z e  the following simple approximation:
I.P.(A*B) = I.P.(A) + D - a /  2 Re 4  , (V.12)
where D is  the d i s so c ia t io n  energy of  the ground s t a t e  dimer and a i s
1 ?the p o l a r i z a b i l i t y  of atom B.
( i i i )  The multichannel quantum defect  parameters ,  i . e .  the 
matrix W- in Eq.(V.lO) and the atomic quantum defec ts  ya , are
PP P
obtained from diverse sources in our c a lc u la t io n s .  The c lose-
coupling eigenchannels fo r  atomic Ar are very nearly  LS coupled, so
we use the u n i t  matrix as a good approximation to  W- and the atomic
P P
Q
eigenquantum defects  f i t t e d  by de Prunele.  However the atomic MQDT 
parameters fo r  J=1 odd p a r i ty  (n=0 and 2) s t a t e s  are obtained from 
R ef .35 in the lower energy regime below both f in e - s t r u c t u r e  
th resho lds ,  and from Ref .37 instead between the ( sh i f te d )  Ar+ f in e -
it it
s t ru c tu re  th resholds .  For ArXe and NeXe between the ( sh i f te d )  f in e -  
s t ru c tu re  thresholds  of Xe+, the matrix W- and ijD , the atomic MQDT
P P  P
parameters fo r  Xe J=1 odd p a r i ty  s t a t e s ,  are a lso  taken from the ab 
i n i t i o  ca lcu la t ions  of Ref .37. The remaining parameters needed have
QQ
been f i t t e d  so as to reproduce the observed Xe Rydberg l ev e ls .
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V.4.A. Ar*Xe: 800fi - 850ft
The spec t ra l  region 800A - 850$ of ArXe l i e s  below the v e r t ic a l
ion iza t ion  po ten t ia l  for  Ar+ ( ^ 3 / 2 ) + Xe [786&] but above
th a t  for  Ar (*SQ) + Xe+( 2 P ^ 2) [921.7^1 . In t h i s  wavelength region,
observations show d i sc re te  l ev e ls ,  long v ib ra t iona l  progressions  with
peak separa t ions  of 45 - 60 cm- *, the same order  of magnitude as the
30lower-lying v ib ra t iona l  spacings observed by Huber and Lipson fo r
2
the ionic s t a t e  n^ 2  . This suggests th a t  the decay channel in to  
the (ArXe++e) continuum is  a weak per tu rba t ion  since otherwise the 
d i s c r e te  resonance fea tu re s  would be broadened by au to ion iza t ion .  In 
o ther  words, we may assume th a t  the in t e ra c t io n  between channels of
Ar*Xe and the (ArXe++e) continuum can be ignored and th a t  the
1 *t r a n s i t i o n s  X z , v"=0 -*■ Ar Xe, v 1 are simply superimposed on the
smooth (ArXe++e) continuum. Therefore the e f f e c t  of the (ArXe++e)
continuum is  e n t i r e ly  disregarded in t h i s  energy range, even though
1 ?t h i s  is  the channel a c tu a l ly  observed by Dehmer and P r a t t .
(Dissocia t ive  decay channels are neglected here as w e l l . )
With the above assumption we f i r s t  c a lcu la te  the d i sc re te  
Rydberg s ta t e s  of Ar Xe a t the equi librium in te rnuc lea r  separa t ion  Re 
of the ground s t a t e  of ArXe, ignoring v ib ra t ion  as a f i r s t  
approximation. Fig.14a shows the ca lcu la ted  o s c i l l a t o r  s t reng ths  of 
the t r a n s i t i o n s  to these Rydberg s t a t e s ,  and a c l a s s i f i c a t i o n  of 
those with r e l a t iv e ly  large i n t e n s i t i e s .  The c l a s s i f i c a t i o n  
c o r re l a t e s  the molecular Rydberg s t a t e s  with atomic ones. And as a 
r e s u l t  a l l  the s t a t e s  with strong i n t e n s i t i e s  are shown to  be simply 
perturbed dipole-allowed s t a t e s  of Ar belonging to the atomic Rydberg 
s e r i e s  n d ' [ 3 /2 ] J ,  n s [3 /2 ]J ,  n s ' [ 1 / 2 ] ° ,  nd ' [ 3 / 2 ] ° ,  or n d [ l /2 ] °  ( in
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jx.-coupling the notat ion of Ref.23).  Some of the s t a t e s  with weaker 
i n t e n s i t i e s  are re la ted  to atomic dipole-forbidden s t a t e s .  More 
de ta i led  discuss ion about the c l a s s i f i c a t i o n  w il l  be given in Sec.D.
The ca lcu la ted  d i sc re te  spectrum of Fig.14a shows an obvious 
c o r re la t io n  with the measurement of Fig.14c, though lacking the 
v ib ra t iona l  f ea tu re s .  To obtain an approximate desc r ip t ion  of the 
v ib ra t io n a l ly  resolved spectrum, we apply the Franck-Condon p r in c ip le  
to s p l i t  each f ixed-nuclear  level into v ibra t iona l  subleve ls .  
Po ten t ia l  energy curves of highly exci ted s ta t e s  of  a Rydberg s e r i e s  
are usually  s im ilar  to t h e i r  converging l im i t ,  the ionic  s t a t e  
po ten t ia l  curve, and consequently the Franck-Condon envelopes 
corresponding to these po ten t ia l  curves are also usually  s im i la r  to  
the re levant  ionic s t a t e s .  Based on t h i s  argument, we assume th a t
the Franck-Condon fac to rs  fo r  the ionizing t r a n s i t i o n s
1 2 2 2 
X i  , v"=0 Cj n ^ 2(or B ^2 /2 '  or  ^2 n3/2^’ v ' 9 and the
1 *t r a n s i t i o n s  under cons idera t ion ,  X i  , v"=0 -  Ar Xe, v 1 , are
approximately the same.
In Figs.14b and 14c we compare our f ina l  ca lcu la t io n  of the
o s c i l l a t o r  s t ren g th s ,  convoluted with a Gaussian to  match the
experimental re so lu t ion  of 0.15&, with the measurement of Dehmer and 
1 ?P r a t t .  The calcula ted  spectrum shows v ib ra t iona l  s t ru c tu re s  
s im i la r  to those observed, but i t  is  b lue -sh i f ted  by about lA 
o v e ra l l .  Apparently t h i s  s h i f t  der ives  from an inaccuracy of the 
approximate expression (V.12) fo r  the ionizat ion  p o te n t i a l .  The 
ca lcu la t io n  and measurement agree b e t t e r  with each other  in the 
shor te r  wavelength region (800& - 833$), as there  are two major 
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Figure 14: Ar*Xe o sc illa to r  strengths: (a) f1xed-nucle1 calculation (with a c la s s i f ic a t io n  
of the states with substantial In ten sities);  (b) a r t i f i c ia l ly  broadened vibrational 
structures obtained using the Franck-Condon principle; (c) spectrum observed by 
Debater and P ra tt .12 The resolution 0.15fl of the experiment 1n (c) was also used In o*in
the convolution of (b).
v ib ra t iona l  s t ru c tu re s  around 835$ are f a r  more in tense  (in  r e l a t i v e  
terms) than the ca lcula ted  s t ru c tu re s ,  which ex h ib i t  only very weak 
resonances. Secondly, near 840$ the r e l a t i v e  i n t e n s i t i e s  of the 
ca lcu la ted  resonances are qui te  d i f f e r e n t  from those of  the 
experiment which disp lays  very l i t t l e  v ib ra t iona l  subs t ruc tu re .  The 
f i r s t  discrepancy may be evidence of a l im i ta t io n  of t h i s  model. No 
other  explanation has been found, o ther  than the remote p o s s i b i l i t y  
th a t  o ther  species  of ra re  gas c lu s t e r s  might be present  in the 
supersonic expansion of R ef .12, such as ArXe£, and show up as an 
occasional peak of extraordinary  s t reng th .  In any case the 
wavefunctions obtained in our d e l ib e r a te ly  overs implif ied  model are 
not expected to  give very r e l i a b le  o s c i l l a t o r  s t r en g th s .  The second 
discrepancy near 840$ may der ive instead from our use of the Franck- 
Condon p r in c ip l e ,  or from the f ac t  t h a t  the ionic  po ten t ia l  curves 
used in the Franck-Condon ca lcu la t ion  are not known to  spectroscopic 
accuracy.
Despite these two d iscrepancies  described above and o ther  le s s  
ser ious  ones, the c a lcu la t ion  generates  many major fea tu re s  of the 
measurement. I t  agrees with the observed spectrum to  a considerable  
degree in terms of resonance p o s i t io n s ,  v ib ra t iona l  s t r u c t u r e s ,  peak 
separa t ions ,  and r e l a t i v e  i n t e n s i t i e s .
We s t r e s s  t h a t  the app l ica t ion  of the Franck-Condon p r in c ip le  i s  
not e s sen t ia l  to the model, but is  only a f i r s t  approximation in 
dealing with the v ib ra t iona l  motion of the molecule.  One obvious 
problem with t h i s  approximation is  th a t  the d i f f e r e n t  Rydberg s e r i e s  
under in ves t iga t ion  are mixed together  and i t  does not make much 
sense to c o r re l a t e  d e f in i t e ly  each Rydberg s t a t e  to  one o f  the th ree
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ionic  s t a t e s ,  whose p o ten t ia l  energy curves are not e n t i r e ly  p a r a l l e l  
as has been assumed in our c a lcu la t io n .  To go beyond t h i s  rough 
analys is  a more r e a l i s t i c  treatment of the v ib ra t iona l  motion is  
requ ired .  (Using the same reac t ion  matrix we have obtained,  a more
general MQDT analys is  of the v ibra t iona l  Rydberg channel in t e r a c t io n s
71can be performed. ) Moreover, whether the Franck-Condon p r in c ip le
or the general v ib ra t iona l  MQDT method i s  used, i t  i s  c ruc ia l  to  have
accurate ionic po ten t ia l  curves. The Franck-Condon envelopes are
s e n s i t iv e  to small changes in the po ten t ia l  curves,  causing
considerable uncer ta in ty  since the ava i lab le  data are not accura te .
Morse po ten t ia l  parameters of each rare  gas dimer ground s t a t e
can be found in T a b le . I l l  of Ref .31, but d i f fe rences  in each
parameter among d i f f e r e n t  ca lcu la t ions  and measurements are
s u b s t a n t i a l .  The parameters we have chosen are l i s t e d  in Table I I .
29The work by Hausamann and Morgner is  valuable ,  s ince  i t  provides 
the only complete se t  of Morse po ten t ia l  parameters which were f i t t e d  
to  the ex i s t in g  experimental data fo r  a l l  bound ionic  s t a t e s  of the 
heteronuclear  ra re  gas dimers.  These f i t t e d  parameters are 
unfortunate ly  too crude fo r  our present purposes, and the re  are few 
o ther  th e o re t ic a l  or experimental s tudies  to amend t h i s  def ic iency .
on
One important exception is  the d e ta i led  study by Huber and Upson 
of the spectroscopy of ArXe+ and Ar+Xe. We have used Morse p o te n t ia l  
parameters derived from t h i s  measurement, except fo r  the r a d i i  of the 
p o ten t ia l  curve minima, which cannot be extracted  from t h i s  
r o ta t i o n a l ly  unresolved spec t ra l  ana lys is .  The p o ten t ia l  curve 
minimum of the ionic s t a t e  is taken as in Ref .29 to l i e  a t  7.1 
a .u .
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Table I I .  Morse p o ten t ia l  parameters for  ArXe and ArKr ground 
s t a t e s .  V(R)=D{l-exp[ln2 (Re-R)/(Re- o ) ]
ArXe ArKr
o ( a .u . ) 6.90 6.60
Re ( a .u . ) 7.67 7.33
D (cm- *) 118.8 107.7
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V.4.B. Ar*Kr: 800$ - 850$
We turn  next to a very s im i la r  analys is  of the Ar*Kr spectrum 
between 800$ and 850$, a range where the Ar*Kr d i s c r e t e  leve ls  are 
mixed with the (ArKr++e) continuum. As before we neglect  the 
i n t e ra c t io n  with t h i s  continuum. Fig.15a shows the f ixed-nucle i  
o s c i l l a t o r  s t reng ths ,  and Fig.15b gives the convoluted o s c i l l a t o r  
s t reng ths  showing v ib ra t iona l  s t ru c tu re s  obtained using Franck-Condon 
fac to rs  as before. The experimental Ar Xe and Ar Kr spec t ra  in t h i s  
region are somewhat s im i la r  to each o ther .  The major d i f fe rences  
are:  ( i )  The global width of each v ib ra t iona l  progression appears to 
be smaller in Ar Kr than in Ar Xe. This agrees q u a l i t a t i v e l y  with 
our c a lcu la t io n ,  for  the width of the Franck-Condon envelope of Ar Kr
"ic
is  smaller than th a t  of  Ar Xe, according to  the (crude) Morse 
p o ten t i a l s  used in the c a lcu la t io n s ,  ( i i )  There are fewer 
v ib ra t iona l - type  d i s c r e te  fea tu res  in the Ar Kr spectrum, suggesting 
th a t  au to ion iza t ion  widths may be la rger  for  Ar Kr than they are fo r
ic
Ar Xe in t h i s  energy region.  If  t r u e ,  t h i s  may derive from the 
c lose r  proximity of t h i s  region to the ArKr+ ion iza t ion  threshold  (a t  
919.4$) than the corresponding Ar*Xe spectrum is  to  the threshold  of 
Ar+Xe (a t  1035.9$). Our ca lcu la t ion  does not r e f l e c t  t h i s  
d i f f e ren ce ,  because the (ArKr++e) continuum channels are again 
neglected completely. A possible  a l t e r n a t iv e  explanat ion fo r  the 
absence of longer v ib ra t iona l  progressions in Ar Kr is  t h a t  the 
Franck-Condon envelope may now reach higher v ib ra t iona l  l e v e l s ,  whose 
smaller s p l i t t i n g s  could be narrower than the experimental 
r e so lu t io n .
The Morse p o te n t i a l s  from Ref.29 for  Ar+Kr lack s u f f i c i e n t
0.08 ( b )
0.0
A rK r ( C )
850840830820800 810
WAVELENGTH ( A )
Figure 15: Same as F1g.l4 but for'Ar*Kr.
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experimental support according to  the authors ,  and no spectroscopic 
ana lys is  appears to  e x i s t  fo r  Ar+Kr which is  as d e ta i led  as t h a t  of
. OQ .
Ref.30 fo r  Ar Xe. A pre l iminary study by Huber^  suggests t h a t  Ar Kr
shows major q u a l i t a t i v e  d i f fe rences  from Ar+Xe. Because the ionic
p o ten t ia l  curves are not well known, t h i s  ca lcu la t io n  fo r  Ar Kr must
★
be viewed as f a r  more specula t ive  than th a t  fo r  Ar Xe.
Q u a l i t a t iv e ly ,  the ca lc u la t io n  ind ica tes  a s trong c o r r e l a t i o n  between
A
the  atomic and the molecular spec t ra ,  as for  Ar Xe. The major
A At
d i f fe rences  between observed spectra  of Ar Kr and Ar Xe thus appear 
to der ive  from a d i f fe rence  of v ib ra t iona l  r a th e r  than of  e l e c t ro n ic  
s t r u c tu r e s  in the two dimers, but our ca lc u la t io n  i s  unable to prove 
t h i s  dec is ive ly .
V.4.C. C la s s i f i c a t io n  of molecular Rydberg s t a t e s
Figs.16a and 16b present  ca lcu la t ions  of the ad iab a t ic  po ten t ia l
A' A
energy curves of Ar Xe and Ar Kr fo r  the molecular symmetry | a | = l .
The two se ts  of curves fo r  the two dimers are almost i d e n t i c a l .  They 
a l l  have the same pa t te rns  of complicated avoided c ross ings .  Here we 
have chosen the energy range from 124600 cm- * to 125000 cm- *, in
A Q
order  to compare with de Prunele 's  ca lcu la t io n  fo r  Ar He. Our
A
c a lc u la t io n  fo r  Ar He (not shown here) agrees reasonably well with
A
th a t  of Ref.9. Both are very s im i la r  to our r e s u l t s  fo r  Ar Xe and 
Ar*Kr.
A
Each ad iaba t ic  p o ten t ia l  curve of A B d i s so c ia te s  to  e i t h e r  a 
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Figure 16a: Calculated adiabatic potential curves:
(a) Ar*Xe, |a |* l ;  The energy E Is the total e lectron ic
4
energy apart from the additive term a={D-o/ 2R 1 . whi ch  
i s  -750.3 ca~* for Ar*Xe at Re=7.67 a.u. The 
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Figure 16b: (b) is  sim ilar to (a) in Figure 16a, but for Ar*ICr.
The additive ten* A*lD-a/2R*l i s  -465.6 cm'* for  Ar*Kr 
at Rg‘ 7.33 a .u .
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or J=1 even p a r i ty )  atomic Rydberg s t a t e .  Therefore , to c l a s s i f y  the 
molecular Rydberg s ta t e s  we ca lcu la te  the ad iaba t ic  po ten t ia l  curves 
and then c o r re la t e  molecular s t a t e s  with atomic s t a t e s  by following 
each curve. In some cases i t  is  qu i te  easy to f ind a one-to-one 
correspondence between a molecular s t a t e  and an atomic s t a t e .
Whenever there  i s  an avoided cross ing of two curves , of  course ,  we 
must decide whether the in te ra c t io n  between the curves i s  weak, in 
which case the curves are allowed to cross d i a b a t i c a l l y .  I f  the 
in t e ra c t io n  is  s t ronger ,  however, we follow each p o ten t ia l  curve 
through the crossing a d ia b a t i c a l ly .  For t h i s  reason the labe ls  
should not be taken too se r ious ly  in some ambiguous cases.
As examples, F ig s .17 show c l a s s i f i c a t i o n s  fo r  Ar Xe s t a t e s  
between 123790 cm- * and 124350 cm- *. The f ixed-nucle i  o s c i l l a t o r  
s t reng ths  in Fig.17a ( fo r  n=0) and Fig.17c ( fo r  |f i |=l) are ca lcu la ted  
a t  R=7 a . u . ,  and are s l i g h t l y  d i f f e r e n t  from those ca lcu la ted  at  
Re=7.67 a .u .  shown in Fig.14a. Figs.17b and 17d show the ad iab a t ic  
po ten t ia l  curves and the d is so c ia t io n  l im i ts  a t  i n f i n i t y ,  the atomic 
Ar Rydberg s t a t e s .  Note t h a t  the s t a t e  7 s ' [ 1 / 2 ] q is  forbidden in the 
|f i |=l symmetry and i s  present only in Fig.17b. Here the Rydberg 
levels  converging to  the second f in e - s t ru c tu r e  threshold are denoted 
with a prime, e .g .  ns '  and n f ' ,  though i t  should be remembered th a t  
t h i s  is  only an approximate labe l .
Two repuls ive  n=0 p o ten t ia l  curves in Fig.17b converge a t  R-m* to  
a hydrogenic s t a t e  denoted 5 f 1. The atomic 5 f ' s t a t e  is  m ult ip ly-  
degenerate,  since  we have neglected a l l  n>3 quantum defec ts  fo r  Ar. 
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Figures l7a,b:C1ass1f1cat1on of ArXe Rydberg sta tes according to the 
molecular d issociation  lim its: (a) f1xed-nucle1 (R«7 a .u .) 
o sc illa to r  strengths for n«0; (b) adiabatic potential curves 
converging to atomic Ar Rydberg sta tes at In fin ity . The d efin ition  
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Figures 17c,d:(c) and (d) are sim ilar to (a) and (b) (1n Figures 17a,b), 
resp ectively , but for |n |*1.
"siO
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( 5 f ' , 5 g ' ) ,  which makes a to t a l  of 8  degenerate fi=Q leve ls  in
the R->® l im i t  denoted 5 f 1. These are the «,=3,4 s t a t e s  
with (Mc ,x,ms ) = ( 1 / 2 , 0 , - 1 / 2 ) ,  ( - 1 / 2 , 0 , 1 / 2 ) ,  ( - 1 / 2 , 1 , - 1 / 2 ) ,
( 1 / 2 , - 1 ,1 / 2 ) ,  each of which has J c= l /2 .  As the per turbing Xe atom i s  
brought to smaller r a d i i ,  the x* 0  levels  with ji>s,q remain s t r i c t l y  
unperturbed from t h e i r  hydrogenic values since t h e i r  matrix elements 
of VQ6(r-R) vanish. These four  p e r fec t ly  f l a t  p o ten t ia l  curves
■f*5 f 1 ti-, 5g'it~ have no in te ra c t io n  with the other  po ten t ia l  curves and 
have no o s c i l l a t o r  s t reng th ,  and are not-shown in Fig.17b. Out of 
the se t  of four  degenerate 5 f 'o  and 5g'o s t a t e s ,  only two l in ea r  
combinations can i n t e r a c t  with the o ther  po ten t ia l  curves,  i . e .  one 
fo r  each ion iza t ion  threshold Mc=±l/2. (See the paragraph below 
E q . ( I I 1 . 15)] These are the "perturbed hydrogenic" p o ten t ia l  curves 
converging a t  R-*-® to 5 f 1 which are shown in Fig. 17b. Both of  these  
can have nonzero o s c i l l a t o r  s trength  in general but owing to the 
small s trength  of the sp in -o rb i t  in te ra c t io n  in Ar, only one 
(predominantly a s in g le t  s ta t e )  has appreciable  i n t e n s i t y .  The 
remaining two out of the four degenerate 5f ' o  and 5g'o s t a t e s  remain 
a t  unshif ted  hydrogenic energ ies ,  have zero o s c i l l a t o r  s t r e n g th s ,  and 
are a lso not shown in F ig s .17. A s im i la r  ana lys is  fo r  the  24-fold 
degenerate 6 f ,  6 g, 6 h £2 = 0  s t a t e  gives two perturbed hydrogenic s t a t e s  
shown in Fig.17b and 22 unperturbed hydrogenic s t a t e s  not shown. The 
same argument shows why only one perturbed hydrogenic £2 = 1  s t a t e  i s  
shown in F ig .l7d converging a t  R-*-® to  the hydrogenic 5 f ‘ level of  Ar.
In F ig .18, the eigenchannel quantum defects  of Ar Xe, ya (R) ( fo r  
R=7.67 a .u .  E=124200 cm~\ and | £2 (=1), are compared with those of  

























Figure 18: Comparison of the eigenchannel quantum defects u (R) fora
molecular Ar*Xe with those of atomic Ar, at one energy 
£=124200 cm'*, for R=7.67 a .u . and |a |= l.
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shown to be e i t h e r  s l i g h t l y  decreased from the corresponding atomic 
ones, or e l se  to remain unshif ted with the value zero. The remaining 
th ree  (^- 0 . 1 1  ) ,  however, exh ib i t  a s t r ik in g  q u a l i t a t i v e  d i f f e ren ce  
from the o the rs .  The Ar in Ar Xe could be regarded qu i te  accura te ly  
as unperturbed by Xe i f  not fo r  t h i s  special group of quantum 
d e fe c t s ,  which are s u b s ta n t i a l ly  sh i f ted  from zero. These 
th re e  converge to  zero at and are e s s e n t i a l l y  the th re e  
high-n ( b,>8,q) perturbed hydrogenic s t a t e s  in F ig . 17d. The 
q u a l i t a t i v e  d i f fe rence  of  t h i s  group of  "perturbed hydrogenic" 
quantum defec ts  i s  a simple but major p red ic t ion  of t h i s  model. The 
corresponding ad iaba t ic  po ten t ia l  curves of F ig s .16 and 17 have by 
f a r  the most repu ls ive  charac te r .
In suranary, most of the s t a t e s  with su b s tan t ia l  o s c i l l a t o r  
s t reng th  are simply perturbed atomic dipole-al lowed s t a t e s  with odd 
p a r i t y ,  der iving from atomic s t a t e s  of to t a l  angular momentum J= l ,  or  
e l se  perturbed hydrogenic s ta t e s  with high a,. But a few s t a t e s  
showing considerable i n t e n s i t y  derive from forbidden atomic dipole  
t r a n s i t i o n s ,  with the se le c t io n  ru le  broken by the presence of the 
per tu rbing atom. On the whole, the strong c o r re l a t io n  between 
molecular and atomic Rydberg s e r i e s  suggests t h a t  i t  i s  la rge ly  
permissible  to regard the molecular spectrum as a perturbed atomic 
spectrum, rea l iz in g  th a t  the per tu rba t ion  is  s t ronger  fo r  some 
systems (e .g .  Ar*Xe, 800$ - 850$) than for  o thers  (e .g .  NeXe*, 
between the NeXe+ f in e - s t ru c tu r e  th re sho lds ) .
V.4.D. Photoionization of NeXe, ArXe and NeAr near f i n e - s t r u c t u r e  
thresholds
1 9
The experiments of Dehmer and P ra t t  show an in te re s t in g
if ★
phenomenon: The photoionizat ion spect ra  of  NeXe and ArXe between
the molecular f in e - s t ru c tu r e  thresholds  c lose ly  resemble the atomic 
Xe spectrum, and s im i la r ly  the NeKr spectrum between the thresholds  
appears to be v i r t u a l l y  iden t ica l  in shape to  t h a t  of  atomic Kr, 
unlike  the more complex molecular spec tra  showing v ib ra t iona l  
progressions which we discussed e a r l i e r .  We cannot n ecessa r i ly  
conclude from t h i s ,  however, t h a t  the molecular photo ionizat ion  
spectrum in th i s  energy range is  simply a weakly-perturbed atomic
i f
spectrum, since fo r  o ther  cases,  e .g .  the NeAr spectrum between the 
Ar+ th resho lds ,  the molecular spec tra  devia te  g rea t ly  in appearance 
from the corresponding atomic spec t ra .  We have analyzed
kc if if
p re l im in a r i ly  the spec t ra  of NeXe , ArXe , and NeAr between the 
molecular f in e - s t ru c tu r e  th resho lds ,  with f ixed-nucle i  c a l c u l a t i o n s ,  
ignoring v ib ra t iona l  e f f e c t s  a l toge the r  a t  t h i s  s tage .
— NeXe*, ArXe*
Values of the in te rnuc lea r  separat ion R used in the c a lc u la t io n s  
have been taken to  be the equil ibrium separat ions  of ground s t a t e  
NeXe* and ArXe*, Re= 7.07 a .u .  and 7.67 a . u . ,  r e sp e c t iv e ly .  F i g . 19
if
shows f ixed-nucle i  c a lcu la t io n s  of NeXe and ArXe photo ioniza t ion  
cross  sect ions  between 960$ and 1045$ . The two ca lcu la ted  spec t ra  
are almost i d e n t i c a l .  The ca lcu la ted  p r o f i l e s  resemble the 
experimental spec t ra ,  e spec ia l ly  fo r  the broad nd 1 autoioniz ing 
l e v e l s .  Comparing the c a lcu la t ion  with the experiment shown in 
F i g . 19, we make the following observat ions:
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Figure 19: Photoionization cross sections in the energy range between 
the Xe fine-structure thresholds: (a) Xe, observation; (b) 
NeXe*, observation; (c) NeXe*, fixed-nuclei ca lcu la tion  (at 
«e=7.07 a .u . ) ;  (d) ArXe*, observation; (e) ArXe*, fixed -  
nuclei ca lcu lation  (at Rga7.67 a .u. ) .  The observed spectra of 
(a) ,  (b),  and (d) are fro* Oehraer and P r a t t ,^  with 
resolution 0.28#.
i)  The ca lcu la ted  resonances of NeXe and ArXe are b lu e -sh i f ted  
by the same amount from the observed. In f a c t  the ca lcu la ted  atomic 
Xe resonances show exactly  the same s h i f t  r e l a t i v e  to  the 
experimental spectrum, implying th a t  the s h i f t  i s  caused by 
inaccurate atomic Xe quantum defects  used in the c a lc u la t io n .
i i )  For each cycle of the Beutler-Fano p r o f i l e ,  in place of the 
broadened ns' resonance observed, two narrow resonance peaks are 
obtained in  the f ixed-nucle i  ca lc u la t io n .  The s tronger  of the  narrow 
peaks is  the usual ns' s t a t e ,  and the addit ional  s t a t e  i s  a t t r i b u t e d  
to  a perturbed high-a atomic level (perturbed hydrogenic l e v e l ,  as 
discussed in Sec.V.D). The increased separat ion of these  in ArXe* as 
compared to  NeXe* may be r e la ted  to  the increased width observed fo r  
ArXe . To understand the observed broadening q u a n t i t a t i v e ly ,  a more 
general MQDT treatment may be required t h a t  includes v ib ra t iona l  
ion iza t ion  channels,  and perhaps even d is so c ia t iv e  channels as 
w e l l . 2 7
— NeAr*
The observed spectrum of NeAr* between the NeAr+ f in e - s t r u c t u r e  
thresholds  shows very l i t t l e  co r re la t io n  with the atomic Ar
19 * ★
spectrum. I t  has more d i s c r e te  fea tu res  than e i t h e r  NeXe or  ArXe 
in the same energy regime. The energy separat ions  between adjacent  
peaks are about 55 cm- 1 , which suggests tha t  they represen t  
v ib ra t iona l  s t ru c tu re s  corresponding to  the v ib ra t iona l  leve ls  of the
, OQ
A2  NeAr s t a t e .  The f ixed-nucle i  (Re=6.48a.u.)  c a lcu la t io n  fo r  the 
wavelength region from 780$ to 788$ is  compared in F ig .20 to the
n d '  [ » / , £
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Figure 20: Photoionization cross sections in the energy range between 
the Ar atonic fine-structure thresholds: (a) observed Ar 
spectrun at a resolution 0.28ft; (b) observed NeAr* spectrum 
at a resolution 0.15ft; (c) calculated (at Re=6.48 a .u. )  NeAr* 
spectrun. Observed spectra are taken from Oehmer and 
P r a tt .^
i p
measured spectrum of Dehmer and P r a t t .  The ca lcu la ted  spectrum fo r
^ ‘A’ ★
NeAr is  somewhat s im i la r  to those of NeXe and ArXe , in c lose ly  
resembling the atomic Ar spectrum, with an add i t ional  asymmetric 
resonance of high-a cha rac te r .  The prel iminary treatment of NeAr 
thus ind ica tes  t h a t  v ib ra t iona l  motions play a c ruc ia l  r o le  in 
determining the spectra l  l ineshapes.
VI. Rovibrational Photoionization Spectra of HD
A mutichannel quantum defec t  analys is  gives a d e ta i l ed  and 
accurate i n t e r p r e t a t i o n  of the high reso lu t ion  spectrum of HD
O
p re ion iza t ion  observed by Dehmer and Chupka . The r e s u l t s  of t h i s  
ana lys is  i s  at tached to  the  end of t h i s  d i s s e r t a t i o n  as Appendix A.
The o r ig in a l  goal of  t h i s  ana lys is  was to examine the ex ten t  to
? awhich the method developed by Fano and Jungen e t  al in t r e a t i n g  the
rov ib ra t iona l  p re ion iza t ion  of H2  can be applied to  HD. The cen te r
of mass and center  of charge of the HD molecule do not coincide  with
each o th e r ,  unlike in H2 , and hence the g and u symmetries are not
s t r i c t l y  good quantum numbers fo r  HD. The n o n t r iv ia l  d i f fe rence
between HD and H2  should be p a r t i c u la r ly  important c lose  to
d i s so c ia t io n  th resho lds .  The HD study used e s s e n t i a l l y  the  same
method as fo r  H2  (aside from some nonessent ial  changes in the
formulat ion) .  The outcome of t h i s  study is  th a t  in a l l  the analyzed
spec tra l  regions f a r  from the d is so c ia t io n  l im i t s  the g-u mixing i s
weak enough to be ignored, and the ana lys is  is  able  to account
q u a n t i t a t i v e ly  for  most of the spec t ra l  fea tu res  observed a t  high
re so lu t io n .
This work has been reported in the Journal of Chemical Physics ,  
in a paper t i t l e d  "Quantum defec t  analys is  of HD pho to ion iza t ion" ,  by 
Ning Yi Du and Chris H. Greene. A r e p r in t  of the paper is  a t tached 
to the d i s s e r t a t i o n  as Appendix A.
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VII. Conclusions and Discussions
The app l ica t ions  of molecular MQDT to  the c la s se s  of diatomic 
molecules presented in the previous chapters can be regarded as 
"successful"  in d i f f e r e n t  ways. The study on HD gives  extremely 
de ta i led  in t e rp re ta t io n s  of complex measured rov ib ra t iona l  
photoionizat ion spec t ra ,  and demonstrates again the unique a b i l i t y  of 
MQDT to  handle many s trongly  in te ra c t in g  rov ib ra t iona l  channels 
whenever the body-frame channel s t ru c tu re  is  simple as in HD ungerade 
s t a t e s .  In troduction of the new model fo r  heteronuclear  diatomic 
molecules,  on the other  hand, not only leads to  qu i te  a few 
app l ica t ions  but ,  more importantly , also opens a new "window" through 
which many more types of dimer molecules (or even polyatomics) might 
be t r e a te d  th e o r e t i c a l l y  fo r  the f i r s t  t ime. This point  of view w il l  
be f u r th e r  e laborated below.
The present model possesses the p o ten t ia l  to  be generalized in 
many ways and to d i f f e r e n t  ex tents  and consequently many more 
app l ica t ions  (of var ious kinds) might be poss ib le .  A few po ten t ia l  
genera l iza t ions  are discussed below.
(1) A "grand" MQDT treatment including v ib ra t iona l  and 
ro ta t io n a l  channels is  a s tra ightforward  g en e ra l iza t io n  of the 
present formulat ion, but would require  a g rea te r  computational 
e f f o r t .  This extension may be necessary to  i n t e rp r e t  measurements a t  
increasingly  high r e so lu t io n .
(2) General izat ion of the model to  t r e a t  a doubly exci ted  atom 
(such as Ca) perturbed by a neutral  ground s t a t e  atom (e .g .  He) seems 
a lso  qu i te  p r a c t i c a l ,  in the view th a t  some atoms such as Ca have
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been well studied with quantum defec t  theory and accurate  atomic 
reac t ion  matrices  have been obta ined . 4 0
(3) The formulation can be general ized to t r e a t  c l u s t e r s  in 
which a Rydberg atom is  perturbed by many rare  gas atoms a t  fixed 
p o s i t io n s .  The general ized formulation has been derived by Greene 
(unpublished).
(4) A more r e a l i s t i c  model po ten t ia l  fo r  the e l e c t r o n - r a r e  gas 
i n t e ra c t io n ,  in place of the d e l t a  funct ion ,  can be expected to  
improve the accuracy s u b s t a n t i a l l y .  In combination with an R-matrix 
t rea tment 4 0  t h i s  would s t i l l  y ie ld  a molecular body-frame reac t ion  
matrix K(R), permit t ing a quantum defect  ana lys is  to be made. This 
modif icat ion of  the model may be important and necessary in many 
cases,  e sp ec ia l ly  when there  i s  a strong p o la r iz a t io n  e f f e c t  involved 
in the e“-B in te ra c t io n .
I t  is  expected th a t  the work presented in the d i s s e r t a t i o n  wi l l  
be followed by e f f o r t s  in many d i r e c t io n s ,  such as those descr ibed 
above. In p a r t i c u l a r ,  the a p p l i c a b i l i t y  and l im i ta t io n s  of the 
present model should be f u r th e r  s tudied.
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Q uan tu m  d e fe c t  a n a ly s is  o f  HD p h o to io n iza tio n
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A multichannel quantum defect calculation is shown to reproduce most observed features in 
several portions o f  the H D  photoabsorption spectrum. The rovibrational frame transformation 
theory o f Atabek, Dill, and Jungen is reformulated in terms o f a quantum defect matrix. The 
calculation accounts for spectral regions far from dissociation thresholds despite its neglect o f  
g~u mixing.
I. INTRODUCTION
Multichannel quantum defect studies o f rovibrational 
preionization and predissociation by Fano' and by Jungen 
and co-workers2*7 have completely accounted for several re­
gions o f the observed7' 11 H2 photoabsorption spectrum in 
the region 750 to 1000 A. The integration of a rotational- 
vibrational frame transformation1'3 with Seaton’s quantum 
defect theory12 has permitted a surprisingly simple theoreti­
cal description of this multifaceted spectrum despite serious 
departures from the Born-Oppenheimer approximation. 
Other treatments along these lines include work by Gin ter 
and Ginter13 on Hej, by Labastie et al.14 on Na2, by Giusti- 
Suzor and Jungen13 on NO, and by Raoult et al.'* on N 2. 
High angular momentum states o f H2 and Hc^ have also 
been considered by Chang'7 and by Herzberg and Jun­
gen.1*-19
In this paper we extend somewhat and apply these 
methods to calculate H D  photoionization processes. We 
have several motivations for choosing this system. First, ex­
perimental results o f Dehmer and Chupka30 are available, 
and they have not received much theoretical attention to 
date. Most of the preionized resonances in the wavelength 
range 753 to 805 A have not even been assigned. Here we will 
present some of these assignments and demonstrate that the 
theory describes the H D photoionization oscillator strength 
with success comparable to (but not quite as good as) that 
seen in Hj. Second, H D is closely related to except for 
the major difference that in H D the centers o f molecular 
charge and mass do not coincide. This leads to mixing of the 
g  and u symmetries, especially in the vicinity o f dissociation 
thresholds where the true eigenstates become approximately 
50% “g” and 50% "u." To determine the importance o f this 
g -u  mixing effect, we begin by treating HD closely in parallel 
with the previous studies2-* o f H2. We will then be able to see 
the extent to which it is possible to reproduce the experimen­
tal spectrum without dealing with the breakdown o f the elec­
tronic parity symmetry. A  third objective o f our study is to 
ascertain the validity and convenience of a reformulation of 
the rotational-vibrational frame transformation. In this re­
formulation we calculate matrix elements o f the quantum 
defect operator f tA( R ) itself as opposed to trigonometric 
functions of v p A (R)  which were used in previous investiga­
tions.3-4 One possible advantage o f the present treatment is 
that the scattering matrix is now exactly unitary at all levels 
o f approximation, regardless o f the number of channels re­
tained in the final calculation, although in practice Jhe two 
formulations give virtually identical results for H2 and HD.
Two recent extensions of the rovibrational frame trans­
formation theory have not been implemented in our study. 
■That is, we have ignored the possibility o f  molecular disso­
ciation even though Jungen3,4 has shown how these channels 
can be included in the quantum defect calculation. We have 
also ignored the small energy dependence o f the quantum 
defect function f tA ( R ), even though Ref. 21 has shown how 
this could be incorporated into our approach. The neglect of 
predissociation should be at least as valid in H D  as in H2, 
where photoionization is generally far more likely than pho­
todissociation except near some isolated (typically high-u) 
resonances. The neglect o f the energy dependence o f ft A (R ) 
is expected to be a good approximation over the spectral 
range treated here, as is the case in H2, although it would 
become crucially important in the region o f doubly excited 
levels such as "2po2sa." The neglect o f  these effects simpli­
fies our calculation considerably, although their inclusion 
appears to be straightforward.
II. THE ROVIBRATIONAL FRAME TRANSFORMATION
The starting point4 o f an (V-channel quantum defect 
treatment is the representation o f TV independent solutions 
4V of the Schrddinger equation at a total energy E  in terms 
o f regular and irregular Coulomb wave functions/Ir), g(r) ,  
and in terms o f a smooth reaction matrix
* r  - f t  (/’)*'«■]. r > r „. (1)I
This equation applies only for electron motion at r > r 0, with 
r0 o f  order 5 a-u. here, beyond which the outermost electron 
experiences a purely Coulombic attraction. The channel 
function di consists o f  the wave function o f the Isa molecu­
lar target ion (H D + ) in a specific rotational (TV + ) and vi­
brational (p*)  state, and the orbital wave function o f the 
outermost electron (# ,d ), coupled to the ion angular 
momentum to give a total angular momentum J ' for the mol­
ecule in the final state. The spin wave functions o f the ionic 
core and of the outer electron, coupled to a singlet state here, 
are also included in <j>i. The index j == {iTTV } labels the frag­
mentation channels o f the molecule, which for this study 
include only those final state channels resulting in molecular 
ionization [i.e., the channels leading to dissociation 
(H  +  D ) and to fluorescense (H D +  hv) will be ignored.] 
The symbol 4  denotes an antisymmetrization operator. The 
energy levels o f the target ion E, =  £ „ - . v  - will be obtained 
here within the Born-Oppenheimer approximation (with
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adiabatic correction included), in which case the energy of 
the Coulomb functions is e, =  E  — £ ,.
Here we have assumed that the adiabatic approximation 
with just the 1 so  potential energy curve provides an ade­
quate description of H D * . This appears to be valid22 for 
u< 19. It should also be possible in principle to treat Rydberg 
states o f  H D  associated with even higher a, but this would 
require coupling to the 2pa  potential o f H D * as weDL The 
orbital wave function o f the outer electron can accordingly 
be described at r > r 0 by the single partial w ave/ =  1 for HD  
as is the case for H2. Thus for the low vibrational states con­
sidered in this paper, H D  will in effect be treated as if  the 
electronic parity (g  or u ) is a good quantum number.
The key element of Eq. (1 ) is the reaction matrix JCff. Its 
N ( N  +  1 ) /2  independent elements, where TV is of order 20 to 
40 in this paper, contain a wealth o f information pertaining 
to the detailed aspects o f  interchannel interactions. The de­
termination o f K is possible largely because o f  two simplify­
ing properties: It depends only weakly on the energy E  (it 
will be regarded as energy independent throughout this pa­
per ), and its elements are determined by quadrature through 
a rovibrational frame transformation. As Ref. 6 elaborates, 
the concept o f a “frame transformation” stems from Fano's 
recognition1 that the reaction matrix is diagonal in a repre­
sentation in which the short-range ( r < r 0) Hamiltonian is 
diagonal. Introducing the orthonormal eigenvectors and 
the eigenvalues tan irp.a o f the reaction matrix, the eigen­
states tba are related to the solutions of Eq. (1) by
'I'a = X *rUfa «* Wa- (2)
When the nature o f channel interactions is purely rovibra­
tional as here, the eigenstates tfia are identified as having a 
definite projection A o f the electronic angular momentum 
along the internuclear axis, and a definite value of the inter- 
nuclear separation R  while the outer electron moves within 
r  <  rv  This is a consequence of the strong Coulombic attrac­
tion there (and o f the small electron mass). The main equa­
tion of the rovibrational frame transformation is then writ­
ten symbolically as a = { / i ,A } ,  and the transformation 
matrix itself is
£ffa =  (rjff> =  <u*|R ><lv'> < ^ * |A > <1/'>. (3)
Here (u* |/?  ) <N~> is a target vibrational wave function, 
while the second factor on the right-hand side of Eq. (3) is 
the rotational factor of the frame transformation matrix and 
is given explicitly in Eq. (34) o f Ref. 6. The eigenquantum 
defects /xa =  /rA { R ) can then be extracted from the well- 
known potential curves o f H2(/»pA) and of H2* , using the 
expression (in a.u.)
U,A ( R )  =  U  * , ( £ )  - l / 2 [ / i - / i ACR)]2. (4)
The quantum defects f i z  ( it )  and f in (R ) used here have 
been taken from Table II o f  Ref. 23.
With this realization the reaction matrix can be ob­
tained from
= 2 <Ar*|A>,tr,r  | W | * > -
X tan»juA(/l)(R |i>*'>«w* ,] ( A |fir*'>'" >. (S)
In practice Eq. (3 ) is not used because the tangent function 
can diverge and cause numerical difficulties. References 2-6  
calculate instead o f  two matrices and
which are given by Eq. (3 ) except that the tan­
gent function is replaced by sine and cosine functions, re­
spectively. The $ , £  formulation is equivalent to using a reac­
tion matrix E —l! j £ ~ x. In the limit o f  a complete 
rovibrational basis |o * fif* ) , this approach and Eq. (3 ) give 
identical results. [When the S' and t£  matrices are truncated 
to finite { N  X N )  matrices, the incompleteness results in a 
slight asymmetry o f the reaction matrix, which leads at the 
end to a slight nonunitarity o f the scattering matrix. We 
emphasize that this is an extremely small asymmetry and 
that the calculations o f Ref. 2 -6  are correct]
We introduce here a third treatment based on the matrix 
elements
w-
of the quantum defect operator, which are obtained from Eq. 
(3 ) except that tan s p A ( it )  is replaced b y /rA ( it ) .  Upon 
truncation to N  channels, the eigenquantum defects 
and the eigenvectors (/„  can be obtained by diagonalizing 
theN  x N matrix Now, however, the eigenchannel la­
bel a  is discrete and takes on exactly N  values a  =  1,2,... JV 
unlike Eq. (3) in which it was written symbolically as 
a  =  {A ,A }. In what follows the a  index indicates our finite 
set o f M eigenchannels, which will only approach {it, A } in 
the limit iV— oo. In the end this is equivalent to using the 
manifestly symmetric reaction matrix K =  tan tt\l, or expli­
citly
*■</■> =• £  U<y >tm ^  ( 6)
0 * 1
Possible advantages o f this formulation are: (i) Unitarity is 
preserved exactly despite channel truncation; (ii) only half 
as many ̂ -matrix elements are calculated as compared with 
the S ,£  formulation; and (iii) the/r-matrix may (in some 
cases) be more nearly diagonal than Sf or it ,  since/iA (R )  is 
generally a smooth function o f R  whereas the trigonometric 
functions are oscillatory.
A  possible disadvantage is the necessity of diagonalizing 
fix"1 to obtain the UjZ* a n d T h i s  is normally per­
formed only once, however [when the energy dependence of 
fxA (ft)  is ignored ], and is o f  little concern.
W ith/r^’’ and U * thus identified, the usual equations 
o f quantum defect theory can be solved to find photoabsorp­
tion oscillator strengths or inelastic scattering cross sections. 
For details the reader is referred to Secs. IIC  and I I D  of 
Ref. 6. The most time consuming part o f this procedure is the 
solution o f a generalized eigenvalue equation
FA =  tan trrAA, (7)
where
icQ
f / ^  ’sin \  ieP 
and
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COS W f t i eP .
( 8 )
TABLE I. Levels o f the B '  '1  * state o f HD  { J  *■ 0 ) relative to
The symbols ieQ iieP) select those channels which are closed 
(open). The effective quantum number v, in a closed chan­
nel ieQ  is defined by
v, =  ( - 2 m e , ) - 1'2, (9)
where m  is the reduced mass o f the e-H D * system. It might 
be mentioned that standard subroutines are available on 
most mainframe computers which can efficiently solve Eq. 
(7 ).
To form the total oscillator strength d f / d E  for pho­
toionization requires the (energy-independent) reduced di­
pole matrix elements connecting the initial state of 
H D ( /  =  0) to the final dgenchannel continuum sta te /', 
D'aJ)  =  (aJ'\\r'-"\\o"Jm). These can be expressed in terms 
of fixed-nuclei dipole matrix elements (R ) as in Ref. 3:
/><'•’= 2  (ur>£V S<**|a>
•  ' J V *  A
x [
X <R !i>'></' )] ( A | / ' > ‘,-') ( 2 / '  +  l ) l/2. (10) 
Using the pth solution vector Aap o f Eq. (7 ) , normalized 
according to
=  1. ( 11)
( 12 )
I  I  U i T c o s 4 - r p + / ^ - > K ,
« P  l a  -  I
the oscillator strength reduces to (in a .u .)
= ^ — 2  I  [ I  D° ’'A‘dE  3 ( 2 / '  + 1) L tr . 
where ,V0 is the number o f open channels and m is the photon 
energy in a.u. Note that the number of nontrivial eigenvec­
tors which satisfy Eq. (7 ) is also iV,,. (When all channels 
are closed, the energy levels o f the system are found instead 
by searching for energies at which det T =  0.)
The calculations described below were carried out on a 
Ridge 32 computer. The adiabatic energy levels and vibra­
tional wave functions o f the H D * ion were calculated using 
1230 mesh points distributed between R  =  0.2 and R  =  20 
a.u. A  four point predictor-corrector scheme was used to 
solve the vibrational differential equation. The orthogona­
lity integrals between different vibrational wave functions 
were verified to be smaller than 10~3 in absolute value. The 
tabulated quantum defect functions /rA (R )  were interpolat­
ed using a four-point Lagrange method prior to evaluating 
their matrix elements. The number of vibrational channels 
used in the algebraic calculation outlined above was truncat­
ed to 12 except at the highest energies where up to 20 chan­
nels were retained.
Since the / '  = 0 ,1 , and 2 rotational levels of the HD  
ground state are all populated at 78 K, we have included 
contributions to the photoionization from each of these ini­
tial levels. The channel structure must be sorted out sepa­
rately for each initial /  '  and each final / For example, the 
/ *  =  0 —/ '  =  1 transition involves ionic rotational levels 
,V * =  0,2, whereas t h e / '  =  1 —/ '  =  1 transition involves 
only the ionic level AT * =  1. This is only true to the extent
9 v ^ l o i i - 1 ) . ( c m - ' )
0 1 1 0 6 3 1 . 6 0 1 1 0 6 3 2 . 2 0 0 . 4 0
1 1 1 2  2 8 0 .7 1 1 1 2 2 8 0 . 7 3 0 . 0 4
2 1 1 3  8 0 7 .8 6 1 1 3  8 0 3 : 7 9 0 . 9 3
3 1 1 3  2 0 2 .3 3 1 1 3  2 0 4 . 8 2 2 . 4 9
4 1 1 6 4 4 3 .3 1 1 1 6 4 4 3 . 8 9 0 . 5 8
5 1 1 7  4 9 1 .7 8 1 1 7  4 9 0 . 1 8 -  1 .6 0
that the electronic parity operator commutes with the Ham­
iltonian, an approximation which must clearly break down 
close to the dissociation thresholds o f H D  and H D *.
III. RESULTS O F  T H E  CALCULATIONS
A. D iscrete  levels
Below the first ionization threshold all channels are 
closed and the energy spectrum is discrete. Qualitatively the 
spectrum consists o f  Rydberg series o f  levels converging to 
each rovibrational state o f H D * . However the strong inter­
actions and perturbations among these series rendqr this 
qualitative picture somewhat dubious. Also the Bom-Op- 
penheimer approximation is less applicable to high Rydberg 
states since the outer electron moves far slower than in a 
valence state. Accordingly we utilize the formulation of Sec. 
II, and obtain theoretical level positions by searching for 
roots of det T =  0. Some /  =  0  levels belonging to the 
B \  B" ‘2 U* electronic states o f H D  are compared with ex­
periment in Tables I and II. (These are labeled u in the sense 
of an approximate quantum number, as discussed in Sec. II.)
The calculation agrees with the experimental results of 
Monfils14 to within 3 cm -  \  except for the u =  4  level o f the 
B ’ state which is computed to be 8.17 cm -1 too high. The 
calculation of Jungen and Atabek2 agrees somewhat better 
(to within 2 cm -1 o f  the H 2 experimental results).
B. Photoionization spectra
Three sections o f the H D  photionization spectrum have 
been calculated using the treatment outlined in Sec. II. Fig­
ure 1(a) compares the first section, covering the range of  
photon wavelengths 790 to 791 A, with the measurements o f  
Dehmer and Chupka.20 The calculation includes contribu­
tions from /  '  =  0,1, and 2 in the proportions given by Ref. 
20, 61.9%, 33.8%, and 2.2%, respectively. The experiment 
' does not determine the overall magnitude o f the oscillator 
strength distribution, so it has been normalized by matching 
to our theory at a single point near 790.2 A. The same nor-
T ABLE II Levels of the if * ' 2 /  state o fH D l./- 0 ) .
O vT.r  (cm ~1) (cm ~1) v_x.—v_r (cm"1)
0 117 026.16 117026.23 0.07
1 118 829.93 118830.31 0.38
2 120 531.96 120 534.42 2.46
3 122 130.43 122 132.15 1.72
4 123 629.99 123 638.16 8.17
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FIG. 1.The otdlUtoranngtbdiiml>utioafwpbototonizationofHD mea­
sured by Dehmer and Chupka (Ref. 20) is compared with our quantum 
defect calculation, (a) The theoretical spectrum includes contributions 
from /' =0,1, and 2 appropriately weighted, and is convoluted with the 
experimentn! resolution 0.016 A (b) The same calculated spectrum is 
shown for perfect resolution, but omitting the contribution from J  * =  2.
malization will be used in the other wavelength ranges dis­
cussed below without further adjustment The calculated os­
cillator strength has been convoluted with a triangular slit 
function whose full width at half-maximum is the quoted 
experimental resolution 0.016 A. (Note that Refs. 3-5 used 
instead the resolution 0 .022 A for this convolution in H 2-) 
Overall, theory and experiment agree reasonably well. 
One discrepancy is that the highest peaks are calculated to be 
somewhat higher than experiment while the “background” 
in the range 790.63 to 791 A is calculated to be slightly lower 
than experiment. It is worth mentioning again that the chan­
nels o f  predissociation and of molecular fluorescence have 
not been included in our calculation. Comparison o f the 
transmitted light curves and the photoionization signal o f  
Ref. 20 shows that these channels should not be too impor­
tant in this range. Two experimental peaks on the right-hand 
side o f  Fig. 1 (a) do not emerge in our calculation, and ap­
parently correspond to (5% ) H } impurity lines (see Fig. 4 of 
Ref. 8). The 4pv,  v =  5 line between these impurity lines 
shows up strongly in our calculation even though it derives 
from the / '  =  2 level o f the HD ground state (popula­
tion =  2.2% ). Although it does not appear in the experi­
mental ionization signal, a peak at this same energy is pres­
ent in the experimental transmitted light signal. Since its 
calculated autoionization width is very small (T ~ 0 .0 0 0  25
A), a possible explanation is that this state decays less rapid­
ly by autoionization than by some other process such as pre­
dissociation or fluorescence.
Figure 1(b) shows the calculated spectrum (including 
. / '  — 0  and 1 only) obtained without convoluting over the 
experimental resolution. Our classifications o f these lines are 
shown in the figure. They were obtained in essentially the 
same fashion as Ref. 4. One of the most prominent features o f  
Fig. 1 is theR (0), r + =  l,np2 Rydberg series converging to 
the v* — N *  =  2 level o f  H D + to the left o f the figure at 
789.847 A relative to H D ( / '  =  0 ). These high-lying Ryd­
berg states (n=x33 to n = 6 0 )  would have practically no os­
cillator strength were it not for the perturbing line jR(0), 
v =  2, ftpo whose strength is spread by channel interaction 
throughout the Rydberg series. Our view is that the v =  2, 
Spa line is this entire lump o f  “intensity” distributed 
between 790.25 and 790.4 A. Nevertheless we have assigned 
a single sharp feature between n =  36 and n =  37 as the 
“perturber,” as is conventional. An interesting feature o f  
this Rydberg series is the change in sign o f the line shape 
asymmetry (Fano q  parameter) as you move through the 
perturber from low n to high n.
Four additional Rydberg series converging to thresh­
olds at 790.630 and 790.926 A are also present in Fig. 1 (b). 
These involve extremely high n approaching infinity. A c­
cordingly each level has very little strength, even though 
their integrated or average oscillator strength is nonnegligi- 
ble. In fact these Rydberg levels in Fig. 1 (b) to the right of 
790.630 A are so narrow and so numerous that it becomes 
impractical to calculate them on a mesh sufficiently small to 
reveal their profiles. This portion o f  Fig. 1(b) should there­
fore be regarded as schematic. On the other hand, the levels 
are so closely spaced (relative to the experimental resolu­
tion ) that they appear to contribute a smooth average oscil­
lator strength distribution devoid of resonances. Rather 
than attempting to calculate the resonances one by one fol­
lowed by convolution, we have simply made use o f the Gaili- 
tis average12 to find their average contribution. In essence 
this amounts to performing a standard quantum defect cal- 
culationof d f / d E,  with the exception of treating all “barely 
closed” Rydberg channels (in this case those h av in g / ’ — 0, 
v*  =  1, N *  =  2 o r /*  =  1, v *  =  1, N *  =  1) exactly as if 
they were open in the formulas o f Sec. II. This should only be 
done while the separation of successive Rydberg levels is less 
than the experimental resolution ( i.e., n >45).
A  second section o f the H D photoionization spectrum 
covering the range 787 to 789 A is shown in Fig. 2. The 
agreement between the intensities obtained by experiment 
[Fig. 2 (a )] and by our 24-channel (convoluted) quantum 
defect calculation [Fig. 2 (b ) ] is substantially poorer than is 
the case in Fig. 1(a). The calculated peak height is much 
higher than experiment for almost every autoionizing reso­
nance shown in Fig. 2. TheR(O) a n d R (l) ,  u =  3, b p o lines 
in particular are calculated to be four to eight times higher 
than experiment. Many other experimental features are cor­
rectly reproduced, however, including the background, the 
R ( 0) and R ( l ) ,  t  «= 2, 9pr resonances, and most o f the 
small / "  =  2 lines. The contributions from / '  =  1 and 
/ '  =  0  are shown for infinite resolution in Figs. 2 (c )  and
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FIG. 2. Experimental (Ref. 20) (a) 
and convoluted theoretical (b) oecil- 
lator strength distnbuoom obtained 
in HD photoaoaiialion ate shown 
over the wavelength range 787-789 
A. The calculattnn in (b) inclnda 
I ’ m 0 and / ' » !  contribntiona 
shown for perfect resolution in (d) 
and (c), napectiveiy.
X(a ) \ ( a )
2(d ). These demonstrate that all o f  the resonances showing 
a large discrepancy with experiment are predicted to be un­
usually narrow and strong, with their peak heights and 
widths given in Table III.
This systematic discrepancy is somewhat surprising in 
view o f  the good agreement between theory and experiment 
in other spectral ranges. One possible explanation could be 
our omission of all predissociation and fluorescence chan­
nels. But uncejhe. transmitted light curves o f  Dehmer and 
~Chupka20 show no evidence for strong photoabsorption into 
these channels, this explanation appears to be unlikely. A 
more plausible explanation is that the discrepancy originates 
in a departure from linearity under the experimental condi­
tions of Ref. 20. That is, the measured flux of photoelectrons 
is actually given by
I  =  I0{ \ - e x p ( - n a L ) ) ,  (13)
w h ere /i~ 1 .4 x  1013 cm ~ 3 is the number density o f  H D mol­
ecules, a  is the photoionization cross section in cm2, and 
Z .~2 cm is the length o f  the interaction region. Values o f the 
experimental parameters n and L  were taken from Refs. 20 
and 25. Only in the regime n o L 4 \  is the linear relationship 
I  <r ar obtained. The cross section is related to the oscillator 
strength distribution by
TABLE 111. Heights and widths of narrow peaks.
o = ( 1 . 1 0 x l 0 - “ cm2 — e V )-4 £ -(e V -')  (14)
dE







n o L ~ C (eV - 1 ), 
dE
(15)
where C ~ 0 .3  eV under the conditions o f  Ref. 20. Thus, for 
any oscillator strength df / dEZ.  1 eV-1  in this experiment, 
departures from linearity must be considered in order to 
compare theory and experiment. Figure 3 shows this com­
parison, in which the theoretical spectrum has been calculat­
ed using Eqs. (13) and (15), followed by convolution with 
the experimental resolution. Here we have actually used a 
somewhat different value C  =  0.5 eV in order to improve 
somewhat the overall agreement with experiment This 
small adjustment does not seem unreasonable in light o f  var­
ious uncertainties in our crude estimation o f  C = 0 .3  eV. 
Clearly the agreement between theory and experiment is 
substantially improved over that o f  Fig. 2, giving further 
confidence in the accuracy o f the quantum defect cakmla- 
. tion. The effective height o f the narrowest peaks is lowered 
by a factor o f 2 -4  after allowing for the nonlinearity, while 
the background is not appreciably affected. Most o f the cal­
culated resonances are still somewhat higher than those ob­
served, with the one exception being 0 ( 1 ) ,  u =  3, 6pv. A  
remaining discrepancy which we can not account for is the 
presence o f broad “shoulders” on the rightmost experimen­
tal J  * =  1 resonance, which are completely missing from 
our calculation. We are also unable to reproduce a small 
resonance observed at 788.34 A. These may be associated 
with an impurity.
The last section covers the wavelength range 753 to 755 
A, and is shown in Fig. 4. The calculation in this range was 
performed with 20 vibrational channels although almost
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FIG. 3. The effective oscillator strength distribution for HD photokmizn- 
oon calculated using quantum defect theory is compared with the measure- 
mem of Dehmer and Chupka (Ref. 20). The calculation approximately in­
cludes the nonlinearity resulting from saturation effects under the experi­
mental conditions of Ref. 20.
identical results were found with IS channels (i.e., up to 40 
rovibrational channels were included). As in Jungen and 
Raoult’s calculation of H2 photoionization, somewhat 
smaller body-frame dipole matrix elements d x =  ef„ =  1.73 
were used in this higher energy range. (The resonances in 
Figs. 1 and 4 are not as high as those in Fig. 2, and the 
“saturation” effect was ignored.) The convoluted calcula­
tion agrees reasonably well with Dehmer and Chupka’s ob­
servations,20 both in the positions and in the intensity pro­
files o f the preionizing resonances. Three o f the calculated 
levels are clearly shifted to the left o f the experimental peaks. 
These shifts might come from the energy dependence of 
which is ignored in our calculation, but the magni­
tude o f these shifts is roughly consistent with random slip­
page errors ( ±  0.025 A ) in the experimental wavelength 







FIG. 4. The convoluted theoretical (solid curve) oscillator strength distri­
bution for HD photoionizauon in the wavelength range 753-755 A is com­
pared with the measurement (dotted curve) of Dehmer and Chupka (Ref. 
20).
toionizstion background is much stronger than it is near 790
Surprisingly, our calculation is noticeably (2 2 0 % )  
higher than experiment throughout Fig. 4, including this 
background and the resonances as well. Recall that the abso­
lute normalization of the measured oscillator strength has 
been fixed at 790.2 A  and is no longer a free parameter. This 
is particularly unexpected considering that Jungen and 
Raoult’s calculation4 in Hj displays no such discrepancy. It 
is possible to bring the experimental and theoretical back­
ground into agreement by rescaling one or the other. This 
rescaling improves the agreement o f  peak heights, although 
the calculated peaks are still somewhat too high (as in Fig. 
3). However, since we have no justification for any such 
rescaling, it is not shown.
IV. DISCUSSION
The rovibrational frame transformation has been seen in 
Sec. ID to describe HD photoionization almost as well as Hz 
photoionization. It is an example o f how a simple idea can 
account for a rather complicated spectrum with numerous 
delicate features. If anything, the greatest surprise seems to 
be how well this quantum defect analysis succeeds in de­
scribing channel interactions. There will definitely be por­
tions o f the spectra of these light molecules which cannot be 
analyzed in so simple a fashion. A t higher energies the ener­
gy dependence o f / iA (R )  becomes more and more impor­
tant, until doubly excited states are reached, at which point 
the channel interactions within the body frame play a domi­
nant role. These phenomena can be seen by probing farther 
out in R (or v) rather than in the energy, should that prove 
more convenient A  complicated family o f avoided crossings 
associated with ionic dissociation and also with coupling to 
body-frame /  waves will then greatly modify the present 
treatment Yet another aspect o f the H D  spectrum which 
must ultimately be understood is the presence o f  strong g -u  
mixing in the highest vibrational levels. This mixing should 
lead to clear qualitative differences between H2 and H D  
Rydberg states converging to high-v thresholds. These and 
related questions seem ripe for further study.
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Appendix B
Derivation of Ke^  of Eq. ( 111.18)
According to  Eqs . ( I I I .13 )  and ( I I I . 14), we have KaJll= a^a , .  
Denote
K K
T A Kj K
1 (B. l)
where K = r*V , K = t ^ t ,  and Kj= r * t ,  with
~ ( aQ5 a l * .a j )  and t  = (a a   a ) . (B.2)a a a iiiax
The matrix K=t t  has j u s t  one nonzero eigenvalue, denoted by k:
max- r  I I I U A  ry
k = « T = I  a 2  . (B.3)
d=n_
The corresponding normalized eigenvector  i s
Cj= t T/  k1 / 2 (B.4)
The eigenvectors  corresponding to  the degenerate eigenvalues 
0 , | a = 2 *'max+1-na ) J * are a r b i t r a r y  except they are a l l
normalized and orthogonal to Cj and to each o ther .  That i s ,
c Tc , - r  ° •
a  a  _L_ 1 ,





Therefore , the matrix
C = [ t T/  k1/2 , c2,c3, . . . , c  +1 ]
max a
(B. 6 )




which is of  course a lso  a uni ta ry  matr ix . S traightforward a lgebra 
leads to the following :
TTK T = [ T Tc o s ( t t h ) T  TTKT+TTsin(Ttn)TllTTcos(TIn)T-TTsin(Ttn)T TTKT] - 1
l co s (n n ' )K '+ s in (n n ' ) ] [ c o s (n n ' ) - s in (n n ‘)K*]“ * 0
0  0
(B. 8 )
where n' i s  an (na+ l )x (na+l) diagonal matr ix ,  whose diagonal elements
are the n& nonzero atomic quantum defects  and one zero,  and K1 i s
t h a t  defined in Eq . ( I I I .19 )  and Eq. ( 111.20).  Thus a l l  the nonzero 
T p f  feigenvalues of T'KT, i . e .  of K, are contained in Kc defined in 
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